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FLOW  VISUALIZATION  IN  WIND  TUNNELS 
USING  INDICATORS 

compiled  by 

R.L.  Ualtby* 


PREFACE 

Throughout  the  history  of  aerodynamic  and  hydrodynamic  research  it  has  been  neces¬ 
sary  to  devise  methods  of  making  the  flow  visible  to  the  experimonter  so  that  ho  may 
understand  its  general  nature  before  proceeding  with  detailed  measurement  or  mathema¬ 
tical  analysis.  As  the  knowledge  of  the  subject  has  advanced  and  the  demands  of  air¬ 
craft  design  have  changed  new  methods  of  flow  visualization  have  had  to  be  developed; 
the  use  of  smoko  and  tufts  for  the  study  of  separated  flows,  chomlcal  and  evaporative 
techniques  for  tho  identification  of  boundary  layer  transition,  electric  sparks  for 
the  measurement  of  velocity  profiles,  tnd  so  on.  Most  methods  Involve  introducing 
some  disturbing  influence  as  indicators  into  the  air  flow  and  quantitative  measure¬ 
ment  becomes  suspect,  but  these  difficulties  are  svoldod  In  the  pure  optloal  methods 
which  play  such  s  large  part  in  Investigations  on  coepresslblo  flows.  These  optloal 
mothuds  have  been  discussed  by  Holder,  North  and  Wood  In  AGARDograph  23  and  the 
present  AGARDograph  is  Intended  to  examine  some  of  the  other  flow  visualization 
techniques  iu  current  uso  in  British  wind  tunnel  practice. 

Many  of  the  techniques  which  are  well  established  have  already  been  fully  described 
and  a  bibliography  of  these  descriptions  is  Included  in  Part  V.  Othor  technique* 
which  Hsve  been  devised  and  developed  over  the  last  few  year#  to  deal  with  current 
problems  -  particularly  in  rolation  to  the  understanding  of  separated  flow  regimes  - 
have  not  always  been  described  in  as  much  detail  as  they  deserve.  Indeed,  sinoe  they 
must  be  regarded  only  as  a  moans  to  an  end,  few  who  make  use  of  them  have  troubled  to 
examine  their  validity  or  to  understand  the  physical  principles  Involved.  Hile  is 
particularly  true  of  two  of  the  most  valuable  methods  for  investigating  three- 
dimensional  flow  structures,  namely  the  vapour  screen  v'chnique  and  the  surface  oil 
flow  technique  and  the  authors  have  therefore  concentrated  on  these  problems  ratber 
than  on  including  detailed  description#  of  technique#  already  adequately  described 
elsewhere. 

A  Bibliography  of  indicator  technique*  is  given  in  Part  V  which  ie  intended  to 
give  reference*  over  tho  whole  range  of  indicator  techniques,  particularly  those 
techniques  which  are  already  well  established.  Reference  numbers  given  in  tho  text 
aro  prefixed  with  the  Pmrt  number  to  distinguish  them  from  Bibliography  items. 

The  AGARDograph  ie  based  on  four  papers  already  published  by  the  Royal  Aircraft 
Establishment.  Section  1.2  and  Pert  IV  iave  also  been  published  in  tho  Journal  of 
Fluid  Mechanics. 


Royal  Axrcrafl  Kstabhchient,  lirdfor i’.  4‘nglanR 
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PART  I.  THE  SURFACE  OIL  FLOW  TECHNIQUE 


1.1  INTRODUCTION 

The  surface  oil-flow  technique  is  intended  to  enable  the  nature  of  the  flow  over 
the  surface  of  a  wind  tunnel  model  to  be  investigated  quickly  and  easily.  The  sur¬ 
face  is  coated  with  a  specially  prepared  paint  consisting  of  a  finely  powdered  pig¬ 
ment,  a  suitable  oil  medium  and,  in  some  cases,  a  dispersing  agent.  The  air  flowing 
over  the  surface  carries  the  oil  with  it  and  a  streaky  deposit  of  the  powder  remains 
to  mark  the  direction  of  flow  (Fig  1,8).  The  patterns  made  hy  the  streaks  indicate 
directly  the  local  directions  of  flow  at  the  surface  and  by  implication  the  general 
flow  structure  in  the  three-dimensional  field  above  it.  In  some  circumstances  the 
position  of  transition  from  laminar  to  turbulent  boundary  layers  may  also  be 
indicated. 

On  the  face  of  it  then,  the  technique  offers  a  great  amount  of  valuable  information 
with  very  much  less  effort  than  would  be  required  by  other  means  and  it  is  therefore 
important  to  examine  its  reliability.  Doubts  of  its  validity  are  sometimes  raised  on 
the  score  that  the  paint  film  will  interfere  with  the  flow  in  the  boundary  layer  and 
ulso  that  the  streaks  qo  not  necessarily  lie  in  the  local  flow  direction  because  bf 
gravitational  and  pressure  gradient  effects.  Although  there  is,  undoubtedly.  Borne 
substance  in  these  objections,  experiencu  has  shown  that  the  effects  are  small  and  that 
tho  method  glvos  reliable  information  in  many  complex  conditions.  Nevertheless  it  is 
of  internet  to  know  to  what  extent,  tho  presence  of  the  oil  affects  the  flow,  and  also 
what  the  pattern  represents.  As  a  basic  step  in  the  understanding  of  tho  oil-flow 
tochniquo  the  theoretical  motion  of  a  thin  oil  sheot,  of  non-uniform  thickness,  on  a 
surface  under  a  boundary  layer  is  studied  in  tho  next  Soctlon.  Tho  application  of  tho 
technique  to  experiments  in  low-spood  and  hlgh-speod  wind  tunnels  is  described  sub¬ 
sequently. 
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1.2  THE  MOTION  OF  A  THIN  OIL  SHEET  UNDER  THE 
BOUNDARY  LAYER  ON  A  BODY 

L.  C.  Squire 


1.2.1  INTRODUCTION 

The  main  parameter  in  the  problem  is  the  ratio  of  the  viscosity  of  the  fluid  in  the 
boundary  layer  to  the  viscosity  of  the  oil.  The  solutions  obtained  are  valid  for  all 
values  of  this  ratio  likely  to  be  found  in  practice.  Numerical  results  have  been  pro¬ 
duced  for  infinite  wings  with  velocity  distributions  outside  the  boundary  layer  of  the 
form  U  =  ax  or  U  =  /30  -  /3jX.  The  parameters  have  been  related  to  typical  pressure 
distributions  and  are  calculated  in  Appendix  1.2.1. 

The  numerical  methods  apply  for  incompressible  laminar  boundary  layers;  the  exten¬ 
sion  of  the  results  to  compressible  and  turbulent  layers  is  discussed  in  Section  1.2.6. 


1.2.2  EQUATIONS  GOVERNING  THE  MOTION  OF  A  THIN  OIL  SHEET 


1.2.2. 1  Equations  for  the  011-Flow  Direction 

The  thickness  of  the  oil  sheet,  h  ,  is  a  function  of  surface  position  and  time. 

It  is  generally  not  greater  than  about  0.05  in.,  and  in  the  following  analysis  will  be 
assumed  to  be  of  the  same  order  as  the  boundary  layer  thickness.  Then  the  motion  of  the 
oil  is  governed  by  the  equations  of  slow  viscous  motion; 


3u2 

=  vA, 

1 

9p2 

dt 

2  2 

Pj 

3x 

=  v.y}v. 

1 

3t 

?  2 

3y 

=  r-y’w. 

1 

dt 

2  2 

dz 

togethor  with  tho  continuity  equation 

3u  3v  3w 
3x  +  3y  +  3z 


(1.1) 


(1.2) 

(1.3) 


(1.4) 


The  co-ordinate  system,  and  velocity  components  aro  defined  in  Figuro  1. 1.  Thosuffix2 
refers  to  motion  tn  the  oil  and  suffivee  n  end  1  refer  t.o  free-stream  end  hot  ndnry 
layor  flow  .'•espectlvely.  The  boundary  conditions  are  (1)  that  the  oil  velocit'os  are 
oqual  to  those  in  tho  boundary  layer  at  the  surface  of  tho  oil,  (ii)  that  tho  v,s- 
cous  strosses  in  tho  oil  and  tho  air  are  also  equal  at  tho  oil/air  surface,  and 
(ill)  that  at  tho  body  surface  the  oil  is  stationary.  Those  conditions  any  bo 
written; 


u 


i 


v 


f 


w.j  at  z  -  h 


u 


i 


v 


: 


w„ 


0 


0 


at  z 


(1.5) 
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dz 


dz 


at  z  =  h 


(1.6)* 


Equations  (1. 1)  to  (1.3)  will  now  be  simplified  by  order  of  magnitude  considerations, 
taking  account  of  two  small  quantities,  the  boundary  layer  thickness,  S,  and  the  ratio 

of  the  viscosities  of  air  and  oil,  —  (=  \  say;* 


Ry  standard  boundary  layer  theory, 


Thus  by  Equation  (1.6). 


du. 

dv 

1 

and  — S - 

dz 

dz 

I 


dz 


are 


At  z  =  0  ,  u2  and  v?  are  zero,  thus  within  the  oil  u?  and  \2  arc  0 (\)  ;  their 
derivatives  with  respect  to  x  and  y  are  also  of  the  same  order. 


dw 

From  the  continuity  equation,  it  then  follows  that  —  is  0(\)  and  since 

dz 

0  at  z  =  0  ,  that  is  0(\  5)  .  Differentiating  the  continuity  oquation 


with  respect  to  z  then  shows  that 


d}w 


is 


<t) 


The  order  of  the  terms  ,  — - -  will  now  be  considorod.  It  has  already  beon 
dt  dt 

shown  that  d,  ,  v7  are  0(\)  ,  and  so  tholr  influence  on  tho  boundary  layer  will  be 
small.  In  thin  caso  Equations  (1.1)  to  (1.6)  represent  tho  motion  of  an  oil  shoot 
under  a  3teady  boundary  layor,  in  which  tho  only  variation  with  time  enters  through 
tho  boundary  conditions  (1.5)  and  (1.6),  slnco  h  is  a  funotion  of  tine.  Therefore 
the  derivatives  under  consideration  may  be  written 


dUj  du?  dh  9vj  dvj  dh 

dt  dti  dt  3t  3h  dt 


At  iho  edge  of  tho  layer  w,  r  — 
*  dt 

3u?  dv 

same  order  us  — —  ,  1 ,  namely 

dz  dz 


,  thus 


0(8  \) 


while 


*!» 

dll 


7 

have  tho 
dh 


Thus  tho  time  derivatives  of  u?  and  v. 


•  For  the  derivation  of  this  boundary  condition  see  Appcrdii  1.2.2. 

*  for  tho  range  of  oils  used  in  tunnels  X  lies  in  the  rungc  !0'}  to  10*". 


t 
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arc  0 (X?)  .  Similarly,  the  derivative  is  0(A.?S),  When  the  orders  of  the 

ot 

terms  in  Equation  (f.3)  are  considered  it  is  found  that  the  pressure  change  through 
the  oil  layer  is  0(X.  S)  .  Thus  the  pressure  may  be  regarded  as  constant  through  the 
oil  layer,  and  since  hy  standard  boundary  layer  theory 

D0(x,y)  =  Pjfx.y) 


then 


P;(X,y)  = 

p,(x.y) 

=  p 

0(x.y)  . 

(1.2)  are 

now  divided  by 

.  th 

Pi>  : 

A 

K 

1 

dPo 

m2  dx 

Ml  dx 

" 

dx 

1 

A. 

K 

l 

,u,  dy 

/<,  dy 

~x 

■°~o 

dy 

(1.7) 


(1.8) 


(1.9) 


By  boundary  layer  theory  S  is  0(i/‘)  ,  while  by  Bernoulli's  equation 


P0  dx 


and 


Tlius  the  preasuro  toms  in  Equations  (1.8)  and  (1.9)  are 


1  dp 

—  -r—  are  0(  l) 
p0  dy 

Equations  (I. 1)  and  (1.2)  may  now  be  simplified  by  retaining  terns  of  the  highest 
order  only,  when  they  become 


■GO 


■■ 

3  dz*  p}  dx 

...  = 

3  dg1  p,  dy 


(I.  10) 


(1.  11) 


In  Equations  (1. 10)  and  (1. 11)  the  pressuro  terns  are  known  froo  the  external  flow  so 
that  the  e\uotlo«s  are  ordinary  second  order  equations  for  u?  and  v.  .  These 
equations  must  be  solved.  In  conjunction  with  the  boundary  layer  equations 


du. 

— -*■  i 

dbj 

V  — -J-  ♦  • 

cH]  t 

_  Jt_  dp 

dJU 

dx 

1  dy  1 

0z 

f>.  dx 

1  dz: 

v  (I. 12)* 


See  footnote  on  page  10, 
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u 


Bv, 


Vl  By  + 


1  Bp  B'lfj  r 
P,  By  1  3za  ; 


(1.12) 


3ut  Bvj  Bwt 
3x  By  Bz 


0  , 


U.  13) 


to  satisfy  the  boundary  conditions  (1.5)  and  (1.6).  A  simple  iterative  approach  used 
here,  is  to  find  solutions  of  Equations  (I. 10)  and  (I. 11)  satisfying  the  conditions 


and 


ua  r 

v,  =  0 

at  z  =  0 

Bu, 

Buj 

Bv 

Bv 

Bz 

f±}  Bz  1 

M‘"3z" 

=  at  z  =  h 

The  third  condition  is  then  satisfied  hy  finding  a  solution  of  tho  boundary  layer 
equations  such  that  at  z  =  h  .  u,  =  (u,)^  ,  v,  =  (v,)^  *  .  where  (Uj)riih  and 

(vPz«h  aro  found  froo  tho  solution  of  tho  oil  flow  equations.  This  process  is 


Iterative  since 


depond  on 


<u  j>a»h  “>d 


< v ?> r-h  •  However, 


since  these  velocities  are  0(K)  the  changes  in 
small  and  so  the  process  should  converge  quickly. 


are  also 


fty  direct 
two  boundary 


Integration  of  Bquatlons  (I. 10) 
conditions  are: 


and  (1.11)  solutions  which  satisfy  the 


At  the  oil  surface,  z  -  h  . 


.  f  h’/l  Bp\ 

4.J 

(1. 14) 


1 

l  (1.15) 


*  Equation*  (I.  12)  and  (1.  IJ)  apply  only  for  a  flat  aurfaco,  but  thay  aay  be  uaad  on  slightly 
curvad  aurfacaa,  Ou  were  highly  ounod  smfoca*  tha  full  aquation*  mint  ba  used  (aaa 
Kaf.  1.2.4). 

.ha  boundary  condition  .  » ,  ahoul  !  alai  bo  applied  but  *4  *}  la  0{ X. !)  thl*  condi¬ 
tion  It  raplacad  hy  ^  «  o  at  *  •  h  . 
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and  these  are  the  velocities  needed  in  the  solution  of  the  boundary  luyer  equations. 

The  investigation  of  the  boundary  layer  with  the  boundary  condlt*-. ‘.a  u,  =  ■: 
v,  -  v2  is  carried  out  in  Sections  1.2.3  and  1.2.4,  where  it  is  shown  that  the 
change  in  the  boundary  layer  skin-friction  is  smaii. 

It  should  be  noted  that  the  oil  film,  in  addition  to  giving  the  boundary  layer  a 
non-zero  velocity  ut  the  oil  “urface,  also  effectively  changes  the  body  shape,  and 
hence  the  external  flow.  The  latter  effect,  however,  is  snail  for  thin  oil  films 
and  is  ignored.  Then  the  boundary  layer  equations  can  be  solved  for  the  original 
pressure  distribution  with  the  non-zero  velocity  condition  transferred  to  the  body 
surface,  that  is 


u>  =  <«,>h  •  v>  =  <vPh  ttt  a  =  0  ' 

It  is  advisable  at  this  point  to  consider  the  range  of  validity  of  the  order  of 
magnitude  analysis  made  in  this  Motion.  Goldstein  (Ref.  1.2. 1)  hBs  shown  that  the 
approximations  of  boundary  layor  theory  break  down  in  the  immediate  neighbourhood  of 
separation,  consequently  the  equations  for  the  oil  flow,  which  ere  based  on  this 
theory,  will  also  be  Invalid  in  this  condition.  As  the  main  interest  is  in  deter¬ 
mining  the  position  of  separation  it  Is  Important  to  know  how  close  to  separation 
the  simplified  equations  hold.  A  numerical  study  of  the  boundary  lay  it*  solution  for 
a  linearly  retarded  mainstream  (Ref.  1.2. 3)  has  shown  that  the  equations  are  valid 
for  9P.S3  of  the  distance  to  separation.  It  is  reasonabie  to  assume  that  the  simpli¬ 
fied  oil  flow  equations  are  also  valid  in  the  some  region. 

1.2. 2.2  Equation  Governing  the  Ttiteknem*  of  the  Oil  Sheet 

So  far  the  oil  thickness,  h  .  has  been  regarded  as  an  arbitrary  function  of  surface 
position  and  lime.  The  equation  satisfied  by  this  function  will  now  he  determined. 
Consider  the  area  AKCf)  in  Figure  1;  then  in  time  H  the  Increase  in  height  multiplied 
by  the  area  !>X  Jy  is  equal  to  the  Mount  of  oil  which  has  moved  on  to  the  base  AfiCT) 
less  the  amount  which  has  moved  off  this  area.  In  the  limit,  whet)  5x  .  Sy  and  It 
tend  to  G  ,  the  equation  for  h  becomes 


Substituting  for  u,  and  v, 
1  Jb 

a  at 


from  Equation  (1.141  this  becomes 


i 

dx 


du,\  b 1  1  tip  h* 

li,  dx  3 


/  do 
V  dg/ 


.  2 


d  I7dv  A  h !  I  d„h> 


(J.  17) 
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Equation  (I.  17)  is  <<  non-linear  partial  differential  equation  where  the  functions 
/?uA  op  dp 

]  and  __  _  __  are,  in  general,  of  numerical  form.  Thus  solutions  will  usually 
\  32 /z. h  ox  dy 

have  to  be  found  by  numerical  methods.  However,  one  simple  solution  has  been  found 
corresponding  to  flow  near  a  stagnation  point  in  two-dimensional  flow.  This  solution 
is  described  in  Section  1.2.3;  the  result  of  a  direct  numerical  integration  of 
Equation  (1.17)  will  be  described  in  Section  I. 2. 4. 2. 


1.2.3  OIL  MOTION  NEAR  A  STAGNATION  POINT  IN 
TWO-DIMENSIONAL  FLOW 


Near  a  two-dimensional  stagnation  point  the  velocity  distribution  in  the  stream- 
wise  direction  outside  the  boundary  layer  is  of  the  simple  form  u  =  a*  ;  the  oil 
flow  in  this  ease  is  of  special  Interest  bocauso  both  the  modiflod  boundary  layer 
equations  and  Equation  (1.17)  can  bo  solved.  Molting,  as  in  standard  boundary  layer 

/  a 

theory,  tho  transformation  Uj  -  ax  f'(r;)  .  whore  n  :  ^  —  j  ?.  and  tho  prime  denotes 
differentiation  with  respect  to  ,  the  two-dimensional  boundary  layer  equations 


reduce  to 


<h), 

1  dp 

d}u( 

dx  '  *l 

da 

‘  ~P' 

^  - 

dx 

da 

0 

*  f“<n>  f(n)  =  it'(v) -1  -  i 


(1.12) 


(I.  13) 


(I.  IS) 


(see  Ref.  1.2.2,  page  139). 


At  the  wall,  s  s  0  ,  f'(0) 


<U,)k 


,  Instead  of  the  sore  usual  value 


The  other  boundary  condition*  reaain  the  sue,  l.c.  f(0)  =  0  ,  f'(<"} 
value  of  (b,){,  can  be  found  f roc  Equation  (I. IS)  to  be 


<u?>h 


fa?h?  A*X» 


r  ’  to)  =  ;.•< 


h‘  /ay  , 

—  ♦(—  h  CO 

a  h1  /  a  v*  „ 

rv’l 


r  *  . 


(say)  . 


f'(O)  =  o  . 
1  .  The 


(1.  19) 


(1.20) 


In  practice  Equation*  (1.18)  and  (1.20)  oust  be  solved  h.v  iteration,  hut  before  this 
la  possible  It  la  necessary  to  find  h  ,  which  Uv  substituting  Equation  (1.19)  In 
.quatlon  (1.17))  Is  given  as  the  solution  of  the  equation 
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dh 

5t 


o 


X 


-  -Ah3  -  Bh3  (say)  . 

provided  h  Is  independent  of  x  ,  which  is  true  if  h 


(1.21) 

' •  constant  at  tlmo  t  =  0  . 


Equations  (1.18),  (1.20)  and  (1.21)  now  depend  on  the  throe  parameters  >■  ,  A  and 
B  ,  where  y  and  A  are  functions  of  f"(0)  .  Equations  (1.18)  and  (1.21)  can, 
liowovor,  be  solved  for  arbitrary  values  of  those  parameters  and  the  solutions  can  bo 
combined  iteratively  with  Equation  (1.20)  to  find  the  solution  of  any  particular 
problem. 


First  consider  Equation  (1.18).  As  (u,)h  is 
by  putting  t'(v)  =  t'.W  *  ,  whore  f ' (tj) 

solution  and  where  g^(0)  =  1  ;  g(0)  ~  0  ;  g'(o>)  - 
equation 


0(\)  this  equation  can  be  linearizod 
is  tlio  standard  two-dimensional 
0  .  Then  g'(t))  satisfies  the 


g"'(t) )  t  f0(r))  g“(r|)  ♦  f,('>)  SCO)  -  2  f'(t|)  t'(V)  :  0  .  C.22) 


This  equation  has  been  solved  by  standard  numerical  techniques  to  give  the  solution 
tabulated  below; 


r) 

e'(’i) 

V 

e'(q) 

0 

1.000 

3.0 

0. 053 

0.3 

0.840 

3.2 

0.034 

0.4 

0.  686 

2.4 

0.021 

0.6 

0. 547 

2.6 

0.01? 

0,8 

0.425 

2.8 

0.007 

1.0 

0.322 

3.0 

0.00-1 

1.3 

0.  238 

3.2 

0.002 

1.4 

C.  171 

3.4 

0.001 

1.0 

0.  110 

3.6 

0.000 

1.8 

0.081 

gw(0)  -  -0.810. 


The  solution  of  Equation  (1.21)  is  readily  obtained  aj 

1  t  H  h  [a  *  On, 

- ,  -log  — 4 - 

h  h,  A  h,  [  A  ♦  8  h  , 


At 


(1.23) 
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Ahzt 


+  C  logK 


1  +  C 
1  +  CK 


(1.24) 


B  h 

where  C  =  hg  —  ,  K  =  —  and  hz  Is  tho  oil  height  at  t  =  0  .  K  is  plottod 
against  Ahzt  In  Figure  1.2  for  var«ous  values  of  C  . 


These  solutions  for  t(ri)  and  h.  can  now  be  combined  to  find  the  oil  and  boundary 
layer  flow  in  the  following  particular  case.  The  Initial  oil  thickness  is  assumed  to 
be  0.018  inch  with  1'  1  i  10*"  and  the  kinematic  viscosity  of  air  as  2  *  10““  ft/soc. 
The  external  velocity  is  assumed  to  be  of  the  form  U  =  10“  x  ft/ sec  (t.e.  a  =  ioVsec). 
This  corresponds,  for  oxample,  to  an  aorofoll  in  an  airstreao  of  120  ft/soc  with  the 
flow  outside  tho  boundary  layer  attaining  tho  main-stream  velocity  at  0.144  inch 
behind  tho  stagnation  point. 


Consider  tho  oil  flow  at  the  start  of  the  motion.  In  the  first  stage  of  the  itera¬ 
tion  use  is  made  of  tho  standard  two-dimensional  solution  f"(0)  (Ref.  1.2.  2),  from 
which  f"(0)  r  f£(0)  =  1.232  and  so  y  =  4.3  *10* 3  (Eqn  (1.20)).  With  this  value 
the  second  approximation  for  f"(0)  becoaoa  1.228  and  there  is  no  change  in  y  . 

Thus  in  thia  case,  with  a  rather  thick  oil  layor.  the  akln-frletioo  (which  is  propor¬ 
tional  to  f“(Q)  )  Is  reduced  hy  leas  than  HI. 


Now  consider  the  motion  after  10  second*.  Using  f’(0)  =  1.231)  and  the  above 
values  of  h,  and  a  .  it  follows  that  C  -  5.8  and  Ah?t  =  65  .  so  that  from 
Equation  (1.24)  K  is  approximately  0.015  and  so  the  oil  thickness  has  been  reduced 
to  less  than  one  sixtieth  of  Ita  original  value.  This  example,  although  of  rather 
academic  Interest,  is  of  value  from  two  points  of  view.  In  the  flr»l  place  the 
numerical  results  can  he  used  to  check  the  magnitude  of  the  terms  Ignored  in 
Equations  (1.1).  (1.2)  and  (1.3).  Also  In  this  case  the.  change  In  ell  thickness  l* 
quite  rapid  so  that  It  Is  possible  that  the  unsteady  boundary  layer  equations  should 
have  been  used.  However,  in  the  ten  seconds  considered,  y  change*  from  4.3  *  10* 1 


dr 

to  almost  sero.  Thus  —  a  4.3 
dt 


10**  per  second  and.  since  u,  =  ax(f'(n)  ♦  >g'(r?)h 


du  1  dp 

—  ®  ax  *  4. 3  r  )0  .  In  Equation  (1.13)  the  domtoan:  terms  near  s  =  o  are  —  — 


dt 

d’u.  1  dp  du, 

and  v  — 2  ,»nd  —  —  =  -a  x.  Thus  the  ratio  of  the  unsteady  term.  —I  . 

da’  p,  dx  dt 

compared  with  the  dominant  terms  Is  t*1  *  10**  or  0(10**}  .  confirming  tbit  use  of 
the  steady  equation  is  justified. 


1.2.4  GENERAL  SOLUTION::  OF  THE  EQUATIONS  OF  SECTION  1.2.2 

1.2.4. 1  Effect  of  the  Oil  on  a  Two-Dlsenstoaal  Rounder*  Layer  with  am 
Arbitrary  Pressure  GMdisot 

In  this  Section  the  effect  of  the  oil  on  two-dimenUanel  boundary  layers  Is  con¬ 
sidered.  Tbs  eiUasioh  to  three-dimensional  boundary  layers  would  involve  coasidrr- 
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able  numerical  work  which  has  not  been  carried  out  as  the  analysis  of  the  present 
section  suggests  that  thp  effect  of  the  nil  is  extremely  small  for  eases  which  are 
likely  to  arise  in  practice.  The  mothod  used  Is  based  on  the  momentum  equation;  it 
Is  first  shown  that  this  equation  is  unaltered  by  the  changed  inner  boundary 
condition*  and  then  that  the  velocity  can  be  represented  by  a  modified  Pohlhausen 
profile. 

Integrating  the  two-dimensional  fora  of  the  boundary  layer  equations,  (1.12)  and 
(1. 13)  with  respect  to  z  ,  the  f  o  1  low  ins  ?Qustion  is  cbtilncd1 


n 

Jo 


du 


du 


dz  =  /  u°'st  dz  ~  i,i 


Jo  1  a* 


du_ 


dx 


(1.25) 


1  dp  bu , 

where  — —  has  been  replaced  by  • 

o,  dx  Jx 

Using  the  continuity  equation  the  term  /  w  is  eliminated  by  writing 


i,  l  1  'Jo  Jd  dz 
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The  lower  Holt  of  the  ter*  to  square  brockets  Is  0  ,  since,  at  s  =  0  ,  w1  =  0 
s'his  is  true  although  U,  t  0  ).  At 
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This  equation  i .«  exactly  the  saw  as  the  standard  two-dlncmsiunal  equation  and  will 
be  written 
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Equation  (1.28)  may  be  3olved  in  the  usual  Banner  by  regarding  — =■  as  a  polynomial 

uo 

z 

function  of  —  ,  satisfying  certain  boundary  conditions.  These  conditions  will  now 
5 

be  considered.  At  the  edge  of  the  boundary  layer,  z  =  S  ,  ut  tends  smoothly  to  u0 
Thus,  as  in  the  standard  method 

d  /u 


=  1  . 

u„ 


dz 


(u 


—  =  0  . 


Bz2  \u 


at  z  =  S  . 


U1  _  <U2>h  _ 


At  z  =  0  ,  u.  =  (u,)h  (i. e.  the  oil  velocity).  Thus  —  =  -  =  y  ,  where  y 

uo  uo 

may  be  a  function  of  x  .  At  z  =  0  ,  Wj  =  0;  thus  in  Equation  (I. 12) 
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(1.20) 


A  Pohlhausen  profile  modified  to  satisfy  these  boundary  conditions  is: 


i  _ 


=  y  +  ( i  -  y) 


Then  by  integration  of  this  function 
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These  values  could  be  substituted  into  Equation  (1.23)  to  give  an  equation  for  A  . 
Instead  a  slightly  different  approach  Is  used  as  It  leads  to  less  numerical  work. 

In  this  approach  H  and  l  are  regarded  as  .functions  of  the  parameters 


“(A  3zV; 


8* 

-  —  A  -  a  (say) 


and  y  . 


These  functions,  obtained  from  Equations  (1.31)  and  (1.32),  are  plotted  In  Figures 
1.3  and  1.4. 


The  method  has  been  used  to  study  the  boundary  layer  developed  by  an  external 
velocity  of  the  form  u0  ~  ,30  -  [ixx  .  Tho  following  values  havo  been  aosumod  for  y  : 
y=0,  tO. 05,  and  y  varying  linearly  from  +0.05  at  the  leading  edge  to  -0.05 
at  the  trailing  edge.*  Tho  resulting  sklu-frtotion  curves  are  plotted  In  Figure  1.5. 
From  comparison  with  the  no-oll  curve  (7  =  0)  It  will  be  soon  that  tho  major  effect 
of  tho  oil  is  where  the  skin-friction  approaches  zero,  that  is  In  the  vicinity  of 
separation;  tho  distance  to  separation  Is  changed  by  at  most  9*4.  In  Appendix  1.2.1 
values  of  y  likely  to  bo  found  in  practice  aro  Investigated  and  It  Is  found  that 
maximum  values  of  y  are  of  order  0.01.  Thus  In  general  the  oil  will  only  have  a 
+mall  Influence  on  tho  boundary  layer,  changing  the  distance  to  separation  by  at 
most  2*.  It  should  be  noted  that  V  Increases  as  the  oil  viscosity  decreases,  and 
thus  tho  Influence  of  tho  oil  on  the  boundary  layer  Increases  with  a  decrease  lu 
oil  viscosity. 


Tho  accuracy  of  tho  present  analysis  for  tho  boundary  layer  on  a  moving  surface, 
os  compared  with  the  accuracy  of  the  PoM  hausen  method  for  a  stationary  surface,  has 
boon  Investigated  briefly.  For  the  case  of  Kero  pressure  gradient  the  skin-friction 
as  given  by  Equations  (1.2«)  and  (1.30)  has  been  compared  with  an  exact  solution' of 
the  problem  (Ref.  1.2. -1).  Hie  skin-friction  values  given  by  tho  two  methods  are  In 
closo  agreement  for  all  values  of  >  between  0  and  1.  Ulth  an  adverse  pressure 
gradient  the  accuracy  is  more  difficult  to  estimate;  howevor,  U  has  been  found  that 
for  the  velocity  distributions  u  -  ,30  -  ."',x  and  y  3  0.15  the  separation  point 
begins  to  move  towards  the  leading  edge  as  7  is  increased,  thus  reversing  the  trend 


*  Too  a<u).v  parameter*  enter  a  practical  cwse  to  use  an  aclui!  distribution  of  v  .  However,  in 
all  case*  is  positive  at  thr  'eadtng  <-*8*  and  negative  at  separation. 
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shown  in  Figure  I. 3  for  y  <  0.05  .  This  forward  movement  of  separation  is  contrary 
to  the  expected  physical  action  of  the  moving  surface  and  suggests  that  the  Poblhausen 
method  becomes  less  accurate  for  large  values  of  y  . 


1.2. 4. 2  Variation  of  the  Thickness  of  the  Oil  Sheet  with  Time 


The  variation  of  the  oil  thickness,  h  ,  with  time  and  position  is  determined  by 
the  solution  of  Equation  (7.17).  Only  one  solution  of  this  equation  has  been  found, 
end  this  for  the  rather  restricted  case  of  the  two-dimensional  stagnation  point. 

From  the  form  of  the  equation  it  can  be  seen  that  in  two  dimensions  a  steady  oil 

3h 

state  is  impossible,  for  in  the  steady  state  —  =0  and  this  would  imply  that 

3t 


9 

3x 


Jo 


Uj  dz 
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or 


■h 

Ujdz  =  constant  , 


(1.34) 


It  would  thon  follow  that  the  amount  of  oil  passing  any  point  Is  constant,  but  since 
at  the  loading  odge  Is  zero,  no  oil  passes  that  point  and  the  constant  in 
Equation  (1.34)  is  zero.  Thus  by  Equation  (1.17) 


so 


1  h,/<M  h_5  2 

2  '  V  32  Jo  3 


0 


h  =  0  or 


3  /3u\  /  1  dp 
2\9z JJ &  ' 


(1.35) 


The  non-zero  form  of  h  is  Infinite  at  the  pressure  minimum,  and  so  there  is  no 
steady  fora  of  U  oxcept  h  =  0  .  (This  result  is  also  truo  on  lnflnito  yawed  wings 

3  I * 

since  in  this  case  —  v.dz  o  0  ). 

*Jo 


In  general,  thou,  h  is  a  varirblo  function  of  time.  No  approximate  method  has 
been  found  to  determine  a  and  it  would  appear  that  the  only  method  is  the  direct 
numerical  Integration  of  Equation  (1.17).  (Expansion  In  powers  of  t  was  found  to 
bo  only  slowly  convergent,  oven  for  very  small  values  of  t  .) 


A  numerical  Integration  of  Equation  (1.17)  has  been  carried  out  for  tho  oil  thick¬ 
ness  under  u  two-dimensional  boundary  layor  with  an  external  velocity  distribution  of 
tho  form  u0  =  -  i3tj  .  in  this  caso  Equation  (I.  17)  may  be  rrKton: 


'(hV 

2 


(1.36) 
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where 


fl, 

£  -  ‘  1 


ix,  h'  = 


—  h  and  f(.f)  is  the  non-dimensional  skin-friction  given 

■V 

The  boundary  condition  is  h'  =  0.5  ,  for  all  g  ,  at  t  =  0  . 


The  numerical  integration  of  Equation  (1.36)  is  very  long  and  laborious  and  so  only 
coarse  steps  have  been  used  to  determine  the  trends  of  the  solution.  In  general  the 
oil  leaves  the  leading  edge  very  quickly  and  flows  downstream.  Over  the. rear  half  of 
the  region  between  the  leading  edge  and  the  boundary  layer  separation  the  oil  thick¬ 
ness  is  almost  uniform,  but  increases  steadily  with  time.  The  indication  from  this 
rough  calculation  is  that  the  actual  amount  of  oil  or.  the  surface  appears  to  increase, 
suggesting  that  there  may  be  an  inflow  of  oil  from  downstream  of  separation. 


I.  2.5  OIL  STREAMLINE  DIRECTIONS 


In  this  section  the  oil  flow  direction  on  a  general  surface  is  considered.  Prom 
the  oil  velocities  given  in  Equation  (1.14)  the  oil  streamline  direction  is: 


dy 

dx 


This  direction  varies  between 


at  tho  wall  and 


(1.37) 


at  the  oil  surface. 

The  direction  of  the  boundary  layer  surface  stroamlinos  in  the  absonco  of  the 
oil  Is 


\ 
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In  general  the  pressure  term  is  small  compared  with  the  skin-friction  term  and  so  has 
only  a  small  influence  on  the  oil  direction  except  near  points  of  small  skin-friction, 
for  example,  near  separation.  In  Figure  1.6  the  oil  streamlines  at  the  wing  surface 
and  at  the  oil  surface  on  an  infinite  swept  wing  are  drawn.  The  chord-wise  velocity 
on  this  wing  was  assumed  to  be  of  the  form*  u  =  /30  -  /^x  ;  the  skin-friction  was  then 
found  by  Howarth' s  power  series  solution  (Ref .  I\,  2, 3) ,  and  the  cross- flow  by  the  methods 
of  Reference  1.2.4.  The  oil  streamlines  were  considered  for  a  stage  when  the  oil 
height  varied  linearly*  from  zero  at  the  leading  edge  to -tfice  its  original  height  at 
the  separation  point  (starting  from  an  initial  uniform  height  of  0. 001  inch).  It 
will  be  seen  in  Figure  1.6  that  the  two  oil  streamlines  closely  follow  the  surface 
streamline  with  no  oil  on  the  surface,  except  that  the  oil  streamlines  become  parallel 
to  the  leading  edge  before  the  surface  streamline. 

Eichclbrenner  and  0yd art  (Ref. I. 2. 5)  have  shown  that  on  a  general  surface  the 
surface  streamlines  form  an  envelope  at  the  separation  line,  and  an  envelope  of  the 
oil  streamlines  is  usually  taken  as  indicating  separation.  On  a  yawed  infinite  wing 
the  envelope  is  parallel  to  the  leading  edge.  Thus,  in  Figure  1.6,  the  oil  tends  to 
indicate  separation  too  early. 

Changes  in  oil  thicknesses,  forward  speeds,  and  velocity  distributions  do  not 
affect  the  shape  of  the  curves  but  merely  the  relative  position  at  which  the  curves 
become  parallel  to  the  leading  edge;  the  actual  positions  are  given  by  the  two 
points  at  which 


=  0 


=  0  . 


Taking  the  mean  of  these  two  points  as  the  separation  point  indicated  by  the  oil,  the 
reduction  in  separation  distance,  as  a  percentage  of  the  chord,  for  various  speeds 
and  model  sizes  is  plotted  in  Figure  1.7. 

Those  curves,  which  are  independent  of  the  oil  viscosity,  are  useful  as  guides  to 
the  thickness  of  oil  which  should  be  used.  For  example,  with  a  velocity  normal  to 
the  leading  edge  of  600  ft/sec  and  a  chord  of  6  in.  an  oil  height  of  less  than 
0.0005  in.  must  be  used  to  keep  the  separation  line  indicated  by  oil  within  1%  of 
the  true  separation  line.  For  &  chord  of  24  in.  and  the  same  velocity  the  oil 
thlcknosa  can  be  doublod  while  still  giving  results  of  the  same  aocuracy. 


/  <\\  _h_  dp 

V  dz  /0  dx 


J  The  constants  0Q  and  0{  are  related  to  the  velocity  rooovery  of  an  RAE.  104  aorofoil, 

CL  -  0.2  ;  dotaila  are  given  In  Appendix  1.2.1. 

*  The  oil  thickness  at  other  conditions,  i.e,  with  a  non-linear  variation  along  the  surface, 
did  not  groatly  affect  the  results  as  plotted, 
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1.2.6  EXTENSION  OF  THE  RESULTS  TO  TURBULENT. ' AND 
COMPRESSIBLE,  BOUNDARY  LAYERS 


1.2.6. 1  Turbulent  Boundary  Layers 

So  far  the  analysis  has  been  confined  to  laminar  layers  since  the  calculation  of 
the  boundary  layer  in  this  case  is  relatively  simple.  In  this  section  the  flow  under 
a  turbulent  boundary  layer  is  studied  in  a  qualitative  manner.  Within  the  oil  layer 
the  equations  of  motion,  and  the  boundary  conditions  are  unaltered  provided  that  the 
boundary  condition  defining  equality  of  stress  is  written: 


"2  3z 


*  '  X 


>1 


..  3v2 
3z 
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(1.38) 


where  (Tx)  1  and  (ry) t  are  the  x  and  y  components  of  the  mean*  skin* friction 
in  the  turbulent  boundary  layer.  With  this  form  of  boundary  condition  the  oil  velocity 
components  become: 


u„  =  — 


3p  /z2 

^^T-hzj+(rx)lZ 


(1.39) 
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dp  fz} 


(1.40) 


with  corresponding  forms  for  the  streamlines. 


To  make  use  of  those  equations  would  involve  the  calculation  of  (rx) j  and  (ry)j  , 
and  so  far  no  method  is  available  for  such  a  calculation  in  the  general  case.  Even 
for  the  case  of  the  infinite  yawed  wing  experimental  results  show  that  the  chordwise 
flow  is  not  sufficiently  independent  of  the  cross-flow  to  be  found  by  two-dimensional 
methods.  Thus  even  in  this  simple  case  two-dimensional  values  may  not  strictly  be 
used  in  Equation  (1,39)  to  determine  the  apparent  separation  line.  However,  such 
results  are  probably  adequate  to  indicate  the  order  of  the  distance  between  apparent 
and  actual  separation.  For  this  purpose  experimental  results  quoted  in  Reference  1.2.2 
for  a  cylinder  and  an  aerofoil  (t/c  =  15%)  are  used  in  Equations  (1.39)  and  (1.40). 
These  experimental  results  give  values  of  the  skin-friction  and  the  pressure  distri¬ 
butions  on  a  cylinder  of  5.89  in.  diameter  at  Reynolds  numbers  between  1  x  106  and 
2.0  x  105.  Similar  measurements  are  given  for  the  aerofoil  at  various  incidences. 

From  the  results  quoted  for  the  aerofoil  (and  the  cylinder  at  the  higher 
Reynolds  numbers),  it  is  found,  for  oil  thicknesses  of  0.006  in.  and  less,  that  the 
chango  in  the  separation  point  as  indicated  by  tho  oil  is  of  the  same  order  as  in 
laminar  flows.  Since  on  the  wing  the  flow  is  now  attached  over  most  of  the  surface 
the  ratio  of  apparent  attached  flow  to  actual  attached  flow  will  bo  closer  to  unity 
for  turbulent  boundary  layers  than  for  laminar  flows. 

The  flow  on  the  cylinder  is  initially  laminor,  but  becomes  turbulent  before 
separation.  The  skin  friction  on  the  cylinder  increases  with  distance  from  the 


'mean'  with  respect  to  time. 
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stagnation  point,  reaches  a  maximum  near  the  minimum  pressure  point,  and  then  decreases 
again.  At  transition  the  turbulence  causes  the  skin-friction  to  increase  again,  before 
it  finally  becomes  zero  at  the  separation  point.  At  the  lower  Reynolds  numbers  the  skin 
friction  at  transition  is  quite  low,  whereas  the  pressure  gradient  is  quite  large,  and 
substitution  of  the  quoted  values  in  Equation  (1.39)  shows  that  u2  could  be  zero  at 
the  transition  point  for  an  oil  thickness  of  about  0.005  in.  So  on  a  yawed  cylinder 
the  oil  streamlines  could  form  an  envelope  at  the  transition  line.  In  the  absence  of 
any  other  information  this  pattern  could  be  erroneously  interpreted  as  a  laminar 
separation  followed  possibly  by  a  turbulent  reattachment. 

1.2. 6. 2  Boundary  Layers  in  Compressible  Flow 

In  Section  1.2.2  it  has  been  shown  that  the  velocity  is  very  much  smaller  in  the 
oil  than  in  the  external  flow,  thus  even  in  cases  where  the  external  flow  is  super¬ 
sonic  the  oil  flow  is  still  governed  by  the  equations  of  slow  viscous  motion,  and 
the  solution  is  as  in  Equation  (1.14).  It  thus  seems  probable  that  the  oil  pattern 
will  be  similar  to  that  discussed  in  Section  1.2.5  for  incompressible  flows.  However, 
the  flow  may  now  be  complicated  by  the  presence  of  shock  waves.  The  pressure  rise 
through  a  shock  may  be  sufficient  to  separate  the  boundary  layer  (Ref. 1,2, 6)  and  the 
inferences  made  about  the  oil  motion  in  the  region  of  separation  in  Section  1.2.5  will 
also  apply  to  such  shock  induced  separations.  In  Section  1.2.5  it  was  shown  that  near 
separation  the  oil  velocity  becomes  zero  before  the  boundary  layer  skin-friction  is 
zero,  and  in  this  case,  also,  the  oil  may  be  expected  to  Indicate  an  earlier  separa¬ 
tion.  For  a  linear  adverse  pressure  gradient  it  has  been  shown  that  the  oil  indica¬ 
tion  underestimates  the  distance  to  separation  by,  at  most,  5%.  As  the  upstream 
influence  of  the  shock  wave  in  the  boundary  layer  is  of  the  order  of  one  hundred 
boundary  layer  thicknesses,  it  would  appear  that  the  ein.  <n  indicated  separation 
will  be  of  the  order  of  5  boundary  layer  thicknesses. 

Another  effect  at  higher  speeds  is  that  of  aerodynamic  heating,  and  heat  transfer. 

In  general  the  heating  will  change  the  oil  viscosity  and  so  the  ratio  X  will  become 
a  variable  depending  on  the  state  of  the  boundary  layer.  However,  provided  this 
change  in  X  is  not  too  great,  the  main  effect  on  the  oil  pattern  will  be  small 
since,  as  shown  in  Section  1,2.5,  the  actual  pattern  is  independent  of  oil  viscosity. 


1.2.7  APPLICATION  OF  THE  RESULTS  OBTAINED  TO  THE  INTERPRETATION  OF 
TUNNEL  OIL  FLOW  PATTERNS 

In  this  Ruport  the  motion  of  a  thin  oil  sheet  has  been  studied,  as  the  first  stage 
in  the  understanding  of  the  oil-flow  patterns  obtained  in  model  testing.  If  the  oil 
actually  moved  as  a  sheet  the  resultant  oil  pattern  would  supply  only  limited  indica¬ 
tion  of  the  oil  motion;  the  only  features  to  be  seen  would  be  separation,  where  the 
oil  would  pile  up  up-stream,  and  regions  of  high  skin-friction,  such  as  under  a  vortox, 
whero  the  surface  would  be  cleared  of  oil.  Generally  In  practico  the  oil,  although 
applied  as  a  sheet,  moves  in  filaments,  which  provide  more  retailed  Information  on  tho 
direction  of  the  oil  motion.  The  motion  of  these  filaments  depends  on  a  different  sot 
of  equations  to  those  considered  in  this  Report.  However,  tho  mechanism  of  the  motion 
is  probably  similar;  that  is,  tho  resultant  force  acting  on  the  oil  is  a  balance 
between  tho  pressure  gradiont  outside  tho  boundary  iayer  and  the  stress  duo  to  the 
boundary  layer  skin-friction.  Thus  it  may  reasonably  be  supposed  that  the  description 
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of  the  oil  film  motion  also  applies  qualitatively  to  the  motion  of  the  filaments,  and 
that  the  orders  of  magnitude  of  the  changes  in  separation  point  are  similar  in  both 
eases.  Stalker  (Ref. 1.2.7)  has  studied  the  mechanism  which  results  in  the  formation 
of  the  filaments,  and  by  order  of  magnitude  considerations  shows  that  these  filaments 
do  in  fact  follow  the  surface  streamlines  except  near  separation. 

1,2.8  CONCLUSIONS 

A  solution  has  bean  obtained  for  the  motion  of  a  thin  nil  sheet  moving  on  a  surface  ' 
under  the  influence  of  a  boundary  layer.  The  following  deductions  are  made  from  the 
analysis. 


(a)  The  motion  of  the  oil  relative  to  the  boundary  layer 

The  oil  follows  the  boundary  layer  surface  streamlines  except  near  separation  where 
It  tends  to  form  an  envelope  upstream  of  the  true  separation  envelope.  This  early 
Indication  of  separation  is  expected  to  occur  for  both  compressible  and  Incompres¬ 
sible  flow;  It  Is  less  marked  for  turbulent  than  laminar  layers.  The  distance  by 
which  separation  Is  apparently  altered  depends  on  the  oil  thickness,  and  the  model 
size,  but  It  is  Independent  of  the  oil  viscosity  (provided  this  viscosity  is  much 
greater  than  the  viscosity  of  the  fluid  of  the  boundary  layer). 

(b)  The  effect  of  the  oil  flow  on  the  motion  of  the  boundary  layer 

This  effect  Is  very  small  in  most  practical  cases  but  increases  as  the  oil 
viscosity  decreases. 

(c)  Interpretation  of  the  oil  pattern  at  low  Reynolds  number 

Results  at  low  Reynolds  number  should  be  treated  with  caution  as  transition  could 
be  erroneously  Interpreted  as  separation. 
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NOTATION  IN  SECTION  1.2 


a 

A.B.C 


C(V).6'(V) 

H 

!Ux,y,t) 

K 

( 


constant  for  flow  at  the  stagnation  point;  u  =  ax 

functions  used  in  the  determination  of  the  oil  height 

/a\Hf'(0)  a2 

A  =  A.I—  I  - - ■,  B  =  A. - .  C  =  h,  B/A 

W,/  2  3Pj  2 

boundary  layer  velocity  profiles 

ratio  of  displacement  to  momentum  thicknesses  of  the  boundary 
layer  6^/8 

thickness  of  the  oil  sheet 

ratio  of  oil  height  at  any  time  to  height  at  zero  time 

e 

non-dimensional  form  related  to  the  skin- friction  =  — 


P 


u.v.w 

x.y.z 


u 


y 


0 


static  pressure 

velocity  components 
co-ordinate  system 


see  Flguro  1,1 


parameter  used  to  calculate  the  boundary  layer 


constants  in  a  linear  voloclty  fiold  u0  =  -  ,3,  x 

ratio  of  the  oil  voloclty  to  the  velocity  outside  the  boundary  layer 

boundary  layor  thickness 


boundary  layer  displacement  thickness  -  j  (l  — -0  dz 

Jo  '  “o' 


non-dimensional  ordinate  normal  to  the  body  surface 


= (-y 


f  I  u  .  \  u , 

boundary  layer  momentum  thickness  =  I  i  1 - -  ■—  dz 


>0  v  u0;  uu 


ratio  of  the  viscosity  of  the  working  fluid  to  th»  viscosity  of  the  oil 
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A 


/ 


parameter  in  the  polynomial  velocity  profile 
A  2 


1 


vB<U2>h  ^0 
3x 


(Equation  (1.29)) 


non-dimensional  co-ordinate  along  the  surface  in  the  linear 

velocity  field  =  — 

'■  o 


viscosity 


kinematic  viscosity 
density 


Suffixes 

0  refers  to  conditions  outside  the  boundary  layer 

i  rafers  to  conditions  inside  the  boundary  layer 

1  refers  to  conditions  Inside  the  oil  layer 

h  rofera  to  conditions  at  the  top  of  the  oil  layor 

a  rofers  tu  conditions  at  zoro  time. 
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APPENDIX  I.  2.  1 


Values  of  the  Constants /3,,  /l^  (Sections  1.2,4  and  1.2.5) 
and  the  Constant  y  (Equ.  (1.20)) 

In  most  of  the  boundary  layer  problems  in  this  Report  the  velocity  outside  the 
boundary  layer  has  been  assumed  to  have  linear  variation  along  the  chord  of  the  form 
uo  =  $0  - /3,x.  The  constants  can  be  related  to  the  velocity  distributions  on  the 
upper  surface  of  the  R.A.E.  aerofoil  sections  (Ref.  1.2.8),  if  it  is  assumed  that  the 
velocity  varies  linearly  from  the  value  at  the  Maximum  suction  point  to  the  value  at 
the  trailing  edge.  Per  all  sections  with  lift  coefficients  in  the  range  0.  2  <  CL  <  0.6 

it  has  been  found  that  1.2u0  *  4,  S  1.8u#  and  0.3  All  rslcula- 

c  c 

tions  have  been  carried  out  with  the  typical  values,  /3,  =  1.5u0.  /?,  =  o.6  — 


The  constant  y  (Equ.  (1.20))  may  be  evaluated  for  the  oxtornal  flow  u  -  0  -  x 
Using  the  skin-friction,  f(j)  ,  quoted  in  Roforonce  1.2.2,  tho  oil  velocity  at  the  oil 
surface  (Equ. (I. 15))  becomes: 


1 

-d  -tfftfjn  -  -/yvi  -  $>h* 


(1.41) 


where 


Then  >  ,  the  ratio  oi  'no  oil  velocity  to  the  mainstream  velocity,  becomes: 


y  -  \ 


4* 

f(i)h 

‘Y 


i»4  . 


(1.42) 


This  parameter  has  boon  used  in  the  calculation  of  the  effect  of  the  oil  on  the 
boundary  layer  flow,  and  a  maximum  value  of  this  parameter  Is  required.  It  la  not 
possible  to  find  the  maximum  by  standard  methods  as  tho  variation  of  h  with  jf  , 

However,  with  practical  oil  thlckneaaea  and  =  0.6  —  it 

1  C 

Is  at  moot  t.  Also  f(;)  is  0(1)  except  close  to  the 

leading  edge.  Thus  the  maximum  value  of  y  Is  0(M  .  The  maximum  value  of  K 
found  In  practice  Is  0.02  for  paraffin  In  a  wind  tunnel:  for  the  type  of  hoavy  oil 
used  in  hlgh-apeod  tunnels  A  ,  and  hence  /  ,  ore  0(10*")  . 


(or  x  )  Is  not  known. 


is  found  that  (  — i  h 


a 


'll  hA 


I 

I 
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APPENDIX  1.2.2 


The  Equality  of  Viscous  Stress  at  the  Air/Oil  Interface 


Equation  (1.6)  states  the  conditions  that  the  viscous  stresses  shall  oe  equal 
across  the  air/oil  face.  The  condition  given  is  strictly  valid  only  for  an  oil 
surface  parallel  to  the  body  surface,  i.e.  z  =  constant.  However,  this  Report  is 
concerned  with  oil  layers  with  thicknesses  varying  with  position,  that  is  the  oil 
surface  is  given  by  z  -  f(x,y)  .  The  purpose  of  this  Appendix  is  to  show  that 

d  z  dz 

Equation  (1,6)  is  valid  for  such  surfaces  provided  — ,  —  are  o(l/S)  . 

'ty 


The  proof  will  be  given  for  a  surface  z  =  f(x)  .  Then  at  a  point  on  this  surface 
the  direction  cosines  to  the  surface  normal,  in  the  plane  y  =  coustant  ,  are  1  and 
n  and  the  velocity  along  the  surface  in  this  plane  is 


u  1  -  wn  . 

The  derivative  of  this  velocity  along  the  surfaco  normal  is 


c>u 


l1  —  *  In  --  - 


c1* 


du  3w 


?x  dr. 


3* 

h 


(1.43) 


(1.44) 


Thus  the  strict  boundary  condition  at 

tliu 

Interface  is 

-(I 

i)u 

3  h  ♦ 

"( 

'tx  . 

dx 

*)- 

■’£) 

{ 

.  ?u. 

5* 

< 

r.  .. 

Si)- 

(1.45) 

■Vi 

in  the  boundary  layer  — » 
n  * 

in  o(l/5) 

*1 
•  3x 

. 

<*7. 

are  o(l) 

iki . 

and  -~i 
,vx 

are  o(o) 

Thus  provided  -  is  o(l/e)  the  dominant  term  on  the  ieft  hand  side  of  Equation  (i.43) 


is 


v. 


In  the  oil  flow 


aro  the  some  order  hr  the  continuity 


A*.  <Si, 

3*  ‘  1* 

Equation  and  u,  *  u . .  wi  -  w.  at  the  oil  surface.  Thus  we  night  expect  the  terns 


*.  '  w: 

on  the  right  hand  side  of  Equation  (1.45)  to  I'Bvr  a  similar  relationship  to  each 
mher.  in  this  case  Equation  (1.45)  reduces  to  Equation  (1.0).  The  use  of 
Equation  C.Gi  In  Section  1.2.3  gives  a  solt.ttnn  which  confirms  that  the  terns  In 
Equation  (1.45)  can  be  dropped.  Thu*  Equation  (1.6)  hjlds  for  the  surfaco  r.  -  f(x) 
;»  ‘ht 

provided  the  ratio  of  -  or  S»  o(l/s)  .  A  slsilar  result  holds  for 


I 


V 


f(x.v)  . 


Tlie  analysis  of  this  Appendix  again  breaks  down  In  the  vicinity  of  the  separation 
point.  However,  the  region  affected  is  the  same  as  that  for  the  analysis  of 
section  1.2.2  no  that  the  region  of  validity  is  not  reduced  further. 
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1.3  THE  SURFACE  OIL  FLOW  TECHNIQUE  FOR  USE 
IN  LOW  SPEED  WIND  TUNNELS 

R.L.  Ualtby  and  R.  F. A.  Keating 


1.3.1  INTRODUCTION 

In  Section  1.2  It  has  heon  shown  that  thorc  is  good  reason  to  expect  that  the  flow 
of  a  thin  layer  of  oil  under  a  boundary  layer  will  be  in  the  direction  of  the  boundary 
layer  streamlines  except  in  the  Immediate  neighbourhood  of  aroas  of  sep-rated  flow 
and.  furthermore,  there  is  only  a  very  small  effoct  of  the  oil  flow  on  the  motion  of 
the  boundary  layer.  The  main  problems  In  the  experimental  technique  are  to  select 
and  apply  a  paint  whicn  will  leave  a  clearly  defined  pattern  of  streaks  to  indicate 
the  direction  of  f!  '*  of  its  oil  medium  in  the  particular  conditions  of  test  and 
to  Interpret  the  pattern  in  terms  of  the  three-dimensional  flow  structure. 

Although  patterns  suitable  lor  visual  study  can  be  achieved  fairly  easily,  It  Is 
quite  difficult  to  produce  patterns  of  consistently  good  photographic  quality.  Since 
the  value  of  an  experiment  is  enormously  •  ‘dianced  when  elear  permanent  records  are 
available  for  unhurried  consideration  and  consultation,  the  extra  effort  "e^essary  to 
produce  patterns  of  the  highest  quality  is  fully  justified.  Unfortunatoly  the 
conditions  of  test  and  the  materials  available  vary  so  much  between  one  laboratory 
and  another  that  refinement*  In  the  technique  have  taken  on  a  very  person*!  character 
and  an  atmosphere  of  ‘mystique1  reminiscent  of  ‘haute  cuisine’  has  growu  up  In  the 
preparation  of  pwlnt"  and  the  Interpretation  of  patterns.  In  examining  various 
recipe*  In  use  one  Is  invariably  faced  with  the  problem  of  assessing  thv  exact 
meaning  of  subjective  qualities  such  as  streak lnesa.  runniness,  clarity  and  spread  - 
a  problem  which  is  familiar  to  rheoio-gist*  and  paint  technologists.  In  fact 
Dr.  Scott-Blair  in  hi*  book  'A  Survey  of  General  and  Applied  Rheology"  found  It 
necessary  to  write  a  dedication  in  the  following  terms: 

“This  bonk  is  dedicated  to  Dili  -  Dill  in  every  land  wherever  he  stay  be. 

"her.  they  want  to  know  what  to  do  next,  they  send  for  Hill.  Hill  squeezes 
the  stuff  in  hi*  fingers,  sniffs  it,  bolds  It  to  his  ear.  and  seueeses  again. 

Then  he  looks  wise  and  say*  T).R.'  or  l.eavw  it  another  ten  minutes’. “ 

If  in  the  following  paragraph*  there  Is  a  lack  of  precision  in  the  instructions. 

It  is  because  precision  appear*  to  tw*  Inconsistent  with  the  problem;  at  least  it  is 
*o  for  the  authors  and,  no  doubt,  for  those  of  the  readers  who  art  also  not  paint 
technologists.  For  those  wishing  to  use  any  technique  whtch  Involve*  an  element  of 
craft  the  best  advice  is  always  to  learn  by  watching  Dill. 

V 

1.3.1  COMPOSITION  OF  THE  PAINTS 

1.3.2. 1  General  Principle* 

The  object  la  to  prepare  a  paint  of  nurh  consistency  that,  under  the  conditlona 
prevailing  in  the  lest,  it  will  run  with  the  surface  oil  flow  and  leave  behind  streaks 
of  pigment  S’-dlcatlng  the  direction  of  flow.  Ttir  pattern  made  hy  the  strea«s  muxt  be 
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bold  enough  to  be  examined  and  photographed  easily  and  yet  fine  enough  to  record  all 
significant  detail  (r’ig.I.S).  Ideally  the  paint  should  not  begin  to  run  until  the 
desired  wind  speed  has  been  reached  and  after  a  convenient  time  of  running,  the 
pattern  should  be  sufficiently  dry  to  be  unaffected  by  gravity  after  the  air  flow 
has  stopped. 

The  process  leading  to  the  formation  of  streaks  can  be  studied  by  applying  paint 
to  the  window  of  a  wind  tunnel  and  watching  the  motion  from  the  other  side  of  the 
glass  with  a  microscope.  The  clearest  patterns  are  formed  by  a  silting  process  behind 
small  concentrations  of  pigment  in  the  paint.  The  paint  flows  round  those  concentra¬ 
tions  and  some  of  the  pigment  is  subsequently  deposited  in  the  wakes  behind  them. 

The  deposits  continue  to  grow  into  long  streaks  in  the  direction  of  flow  as  more 
pigment  is  deposited  behind  the  concentrations  until  all  the  oil  has  been  blown  from 
the  surface.  The  fully  developed  pattern  is  then  left  on  t.he  surface  in  a  reasonably 
dry  condition. 

If  the  composition  of  the  paint  is  slightly  different,  the  process  described  by 
Stalker  (Ref.  1.3. 1)  can  be  observed.  Here  U-shaped  wavelets  form  in  the  oil  and 
travel  slowly  in  the  stream  direction.  The  pigment  is  deposited  from  the  tails  of  the 
U,  and  since  the  wavelets  tend  to  form  roughly  one  behind  another,  the  streaks  are 
reinforced  with  the  passage  of  subsequent  wavelets.  If  the  paint  is  too  stiff  the 
wavelets  become  large  and  a  coarse  pattern  is  formed  from  which  it  is  difficult  to 
disperse  the  oil.  When  there  is  a  large  variation  of  surface  shear  over  the  surface 
of  the  model  it  will  be  difficult  to  choose  a  paint  consistency  to  give  uniform 
results  with  this  method  (Pig. I. 10)  and  it  is  usually  better  to  mix  a  paint  which 
will  silt  easily. 


The  stiffness  of  the  paint  and  the  formation  of  streaks  depends  on  the  size  of  the 
particles  in  the  pigment  and  the  forces  of  attraction  between  them  (Ref.  1,3.  2)  as 
well  as  the  viscosity  of  the  oil.  Materials  for  pigments  applied  as  crystals  or 
other  large  particles  require  to  be  ground  and  sifted  to  the  correct  size  and  those 
supplied  as  very  fine  powders  may  tend  to  form  conglomerations  (floes)  in  the  oil, 
the  size  of  which  must  be  controlled  by  the  use  of  additives  (see  1.3. 2.3), 

Large  pigment  particles  or  large  floes  tend  to  produce  bolder  streaks  if  the 
thickness  of  the  oil  layer  is  sufficient  to  kesp  them  in  motion  during  the  silting 
process.  In  conditions  of  high  shear  the  oil  thickness  is  reduced  rapidly  and  this 
will  determine  the  maximum  usable  particle  size. 

1. 3.  2. 2  The  Oil  Medium 

The  choice  of  the  oil  medium  for  UBe  with  a  particular  pigment  is  determined  by 
the  time  that  is  allowed  for  the  pattern  to  develop  in  the  prevailing  conditions  of 

air  flow  and  surface  shear.  The  factors  aff  ,ng  the  rate  of  flow  are  the  skin 

friction,  the  thickness  of  the  oil  sheet,  the  uoundar.y  layer  thickness,  tho  oil 
viscosity,  the  p,,;ment  content  and  the  properties  of  the  pigment  in  suspension. 

However  the  major  factors  appear  to  be  the  oil  viscosity  and  the  skin  friction  and 
it  is  suggested  in  Gee!. ion  1,4  that  the  approximate  time  to  complete  a  pattern  can  bo 
indicated  by  36,000  7/  oil/r  wbero  r  is  the  skin  friction  at  the  trailing  edge. 

The  oils  normally  used  are,  in  ascending  order  of  viscosity:  koroseno,  light  dlosol 

oil  end  light  transformer  oil.  With  one  of  these  oils  It  is  usually  possible  to  mix 


a  satisfactory  paint  which  will  start  to  flow  at  about  75%  of  the  test  speed  and 
produce  a  fully  developed  pattern  in  about  2  minutes, 
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Although  a  mineral  oil  is  most  commonly  used  as  a  medium,  water  containing  a 
wetting  agent  such  as  household  synthetic  detergent  is  in  occasional  use.  The 
principal  advantage  is  that  it  is  a  cleaner  material  to  handle  but  it  makes  it  very 
much  more  difficult  to  control  the  Quality  of  the  pattern. 

1.3. 2.3  Additives 

The  need  to  use  an  additive  in  some  paints  to  control  the  size  of  the  floes  leads 
to  difficulties  and  uncer itini in  the  teclmiQuu  partly  because  of  the  great 
sensitivity  of  the  suspension  to  small  quantities  of  additive  and  partly  because  of 
the  variable  chemical  nature  of  the  oils  and  the  additives  themselves.  The  following 
simple  account  of  oleic  acid  used  as  an  additive  in  a  titanium  dioxide-kerosene  paint 
illustrates  the  principles. 

The  stiffness  of  a  paint  con  be  measured  with  a  mobllometer  (Ref.  1.3, 3)  (Pig.  1,11) 
which  consists  of  a  glass  cylinder  containing  a  sample  of  the  paint  through  which  a 
plunger,  with  a  small  clearance  at  the  side,  is  allowed  to  travel.  The  plunger  is 
driven  by  weights  placed  on  its  top  ond  and  its  time  of  travel  botweon  two  fixod 
marks  is  measured.  The  stiffness  of  the  paint  is  measured  by  a  curve  of  the 
reciprocal  of  the  time  of  travel  against  the  load  on  the  plungor. 

Figure  I. 12  shows  such  curves  plotted  for  some  tosts  on  a  titanium  dioxide-kerosene 
mixture.  A  mixture  of  typloal  proportions  without  additive  produced  curvo  D  in  which 
there  is  a  large  threshold  of  no  movement  following  hy  an  almost  linear  portion.  Tho 
effect  of  adding  0.8%  of  oleic  cold  (curve  C)  was  some  dlsporsion  of  tho  pigment  whioh 
reduced  the  threshold  to  about  one  sixth  nnd  increased  tho  subsequent  rate  of  movement. 
Furthor  concentration  of  oleic  acid  to  10%  (curve  Cl  completely  removes  tho  threshold 
and  brings  tho  rats  of  movement  to  noerly  that  of  the  noat  oil,  suggesting  that  the 
pigment  !«  now  fully  dispersed.  Curve  K  shows  that  the  resistance  of  fully  dispersed 
paint  con  be  increased  by  increasing  the  proportion  of  pigment  although  tho  throsho'd 
is  not  restored  until  tho  proportion  of  additive  relatlvo  to  pigment  is  sufficiently 
reduced. 

Thus  in  preparing  a  paint  of  this  kind  ono  must  first  choose  an  oil  to  provide  the 
desired  rate  of  flow  and  add  pigment  until  sufficient  colour  density  Is  produced. 

The  lioldness  of  the  streaks  Is  then  adjusted  by  partlsl  dispersion  of  tho  mixture 
with  additive.  Tho  additive  will  also  reduce  the  threshold  of  the  paint  anu  this 
must  be  taken  into  account  when  choosing  the  oil. 

Borne  laboratories  use  the  additive  to  adjust  the  necessary  threahold  and  accept 
tho  resulting  quality  of  streaks.  Tills  is  a  simple  approach  but  It  soactiaos  loads 
to  patterns  of  poor  ce"trast  and  tho  more  careful  approach  la  rocoaaimrlod  when 
patterns  of  high  photographic  quality  are  required. 

Tho  offect  of  oleic  aoid  on  the  appearance  of  this  paint  and  the  resulting  streaks 
is  Nhown  in  Figure  I. 13.  The  photomicrographs  show  the  increasing  dispersion  of  tho 
Macs  as  tho  oleic  acid  is  added  and  the  flow  pictures  show  tho  oipected  chnngea  in 
clarity.  It  »1U  be  noticed  that  with  no  additive  tho  lame  threshold  has  prevented 
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flow  except  in  the  ureas  of  high  shear.  With  an  excess  of  additive,  the  dispersed 
pigment  provides  a  finely  detailed  pattern  but  of  poor  contrast. 

flocculation  is  affected  by  the  mutual  attraction  of  particles  carrying  electric 
charges  generated  in  suspension  in  the  dielectric  medium.  The  additives  control  the 
extent  of  flocculation  by  modifying  the  charges  and  may  either  increase  or  decrease 
it  depending  on  the  constituents  of  the  paint,  for  instance  linseed  oil  will  cause 
mild  flocculation  of  Dayglo’  pigment  in  diesel  oil,  yet  will  disperse  titanium 
dioxide. 

Of  the  many  possible  additives  oleic  acid  and  linseed  oil  give  excellent  results 
in  the  various  paints  in  common  us*  e„,a,  being  readily  available,  they  are  to  be 
recommended.  Nevertheless  they  are  crude  products  which  vary  in  their  chemical  com¬ 
position  when  new  and  oxidise  when  stored;  trial  and  error  methods  are  inevitable 
when  they  are  used. 

A  more  detailed  account  of  additives  and  their  effects  will  bo  found  In  References 
1.3.4  and  1.3.5. 


1.3.  2. 4  Pigments 

The  pigment  must  be  chosen  to  have  tho  correct,  flow  characteristics  as  already 
described  and  to  make  a  clear  pattorn  against  the  background  provided  by  the  model. 
Thus  a  white  powder  like  titanium  dioxide  or  china  olay  would  bo  used  on  a  dark  model 
ami  a  black  powder  like  lampblack  on  a  light  model,  Fluoreaoont  pigmonts  illuminated 
with  ultra-violet  light  oan  provide  a  high  contrast  pattern  irrespective  of  the  book- 
ground  colour  and  they  give  very  high  quality  photographs  without  difficulties.  The 
properties  of  some  common  pigments  are  listed  below. 

Titamua  dioxide  (Ti  0?) 

This  is  the  whitest  of  pigments  nsod  by  paint  manufacturers  and  Is  ut  tho  same 
time  the  most  opaque;  It  is  therefore  suitable  for  making  high  contrast  pottoms  on 
a  dark  background.  It  Is  non  toxic  and  reasonably  clean  to  use. 

The  particle  size  In  material  supplied  for  paint  manufacture  is  about  0.2  micron 
although  the  powder  used  for  medical  purposes  Is  somowhat  courser.  It  flocculates 
when  suspended  in  Mineral  oils  and  requires  an  additive  for  partial  dlsporsion 
of  tho  floes  In  order  to  produce  clear  streaks. 

CJuna  clay  (Kao tin) 

'flits  Is  a  complex  mineral  which  In  a  pure  form  Ir.  a  hydrated  silicate  of  alumina 
(Al?Oj  -  2  SlO.’SHjO).  When  dry  It  Is  white  but  when  wetted  with  an  oil  of  about  the 
soao  rofractive  Index  it  becomes  transparent.  For  this  reason  China  clay-oil  patterns 
have  to  be  dried  thoroughly  before  they  become  clear  except  in  tho  special  case  whore 
an  Indication  of  transition  is  required,  note  the  luainar  legion  remains  wot  sod  the 
turbulent  roglon  is  dried. 

Lampblack 

Lampblack  is  a  common  greyish  carbon  pigment  with  a  baste  particle  diameter  of 
order  0.1  micron.  Ai  normally  supplied  the  aggregated  particles  are  much  larger  uid 
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these  neither  disperse  nor  flocculate  appreciably  in  an  oil  suspension  although  oleic 
acid  has  a  small  effect  in  reducing  the  boldness  of  the  pattern. 


Carbon  black  pigments  can  be  obtained  with  very  much  smaller  basic  particle  sizes 
and  a  blacker  appearance.  It  is  possible  that  better  results  may  be  obtained  with 
these  in  conjunction  with  a  suitable  additive. 


Anthracene 


^14^10 


This  is  a  fluorescent  hydro-carbon  derived  from  coal  tar.  Tt  Is  supplied  ,n  the 
form  of  grey  crystals  or  powder  and  must  be  ground  and  sifted  to  the  correct  particle 
size.  It  is  a  variable  product  ir.d  the  ccilour  of  fluorescence,  which  depends  on  the 
impurities  present,  varies  from  blue  to  green.  The  paint  appears  colourless  in 
natural  light  and  the  pattern  must  be  observed  in  ultra-violet  light. 


This  material  is  similar  to  anthracene  except  that  it  is  more  consistent  in  quality 
and  fluoresces  blue  with  greater  energy  than  anthracene,  unfortunately  ohrysane  is  a 
carcinogen  and  therefore  there  is  some  rink  of  cancer  if  it.  1r  »rbH  as  a  pigment  with¬ 
out  protection  to  the  skin. 


"Dayglo  "  p igsen ts* 

Those  are  the  pigments  used  in  the  manufacture  of  fluorescent  paints  and  printing 
Inks  and  they  are  believed  to  be  composed  of  a  resin  dyed  with  fluorescent  colours. 

Tho  particle  size  of  the  powder  is  about  1  micron  and  is  suitable  for  the  production 
of  fine  patterns  without  tho  use  „f  additives.  The  patterns  are  clearly  visible  in 
natural  light  and  photograph  very  well  in  ultra-violet  light.  Paints  made  with  Dayglo 
are  particularly  easy  to  use  and  are  to  be  recommended.  The  pigments  may  be  obtalnod 
in  a  range  of  colours  of  which  ‘Saturn  Yollow’  and  Heon  Red’  are  the  a  si  suitable 
for  visual  works  and  *Saturn  Yellow'  for  monoohrome  photography.  The  re  t  and  yellow 
may  bo  usod  together  to  show  regions  of  flow  mixing. 

The  pigment  can  also  be  obtained  In  pea-sized  chunks  which  may  be  ground  in  a 
ball  mill  to  produoo  powdors  of  larger  particle  sizes. 


*  Dayglo  pigment*  are  sarkotod  in  Amorloa  by 

Switzer  Bros. ,  Ino. , 
Cleveland, 

Ohio. 


and  In  Qjgland  by 


Dane  Si  Co.  Ltd. , 

1-2  Sugar  House  Lane, 
Stratford, 

London ,  K.  IS. 
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1.3.3  APPLICATION  OP  PAINTS 

The  application  of  the  paint  to  the  surface  of  the  model  is  a  simple  matter 
although  care  is  needed  to  produce  the  best  results. 

The  surface  must  first  be  thoroughly  wetted  with  the  medium  by  rubbing  it  with  a 
soaked  rag.  On  large  surfaces  the  paint  is  best  applied  with  a  domestic  roller, 
preferably  of  the  foam  plastic  type.  The  roller  is  loaded  with  paint  in  the  usual 
way  but  it  is  applied  to  the  model  with  its  axis  slewed  slightly  to  the  direction  of 
motion.  By  this  means  an  even  film  is  produced  and  the  old  pattern  from  a  previous 
test  is  erased.  A  final  finish  is  given  by  a  light  application  or  the  roller.  Some 
trials  will  be  required  to  determine  the  correct  thickness  of  the  coating. 

When  a  brush  is  used,  an  even  coating  is  produced  if  it  is  moved  in  small  circles 
rather  than  with  the  conventional  painting  motion. 


1.3.4  RECIPES 

With  the  foregoing  principles  in  mind  the  following  three  recipes  are  suggested  as 
a  basis  for  adaptation  to  local  conditions. 

(1)  Simple  mix 

Use  as  pigment  anthracene,  chrysene*.  Dayglo  pigment  or  coarse  lampblack.  Grind 
and  sift  the  pigment  if  necessary  to  a  mean  particle  size  in  the  range  1  to  10  microns 
and  mix  with  about  three  times  its  weight  of  oil  and  store  in  a  bottle.  The  pigment 
settles  rapidly  and  the  bottle  must  be  shaken  before  use.  No  additives  are  required. 

Apply  the  mixture  as  described  in  Section  1.3.3.  If  the  roller  absorbs  too  much 
oil  dilute  the  paint  with  more  oil. 

This  mixture  keeps  indefinitely  and  Is  very  easy  to  use  except  that  there  is  very 
little  control  on  the  boldness  of  the  streaks. 

(2)  Flocculent  mix 

Mix  together  thoroughly  1  part  by  weight  of  titanium  dioxide  with  3  parts  of  oil. 
This  may  be  done  with  a  brush  but  more  consistent  results  are  obtainod  if  a  laboratory 
stirrer  is  used.  Add  a  few  drops  of  oleic  acid  or  linseed  oil  and  make  a  test  run. 

If  the  pattern  is  too  coarse  use  more  additive.  If  it  is  too  fine,  the  proportion  of 
additive  must  be  reduced  but  it  must  be  remembered  that  the  si~e  of  smaller  models 
will  Impose  a  limit  on  th^  boldness  of  the  patterns.  If  the  paint  does  not  run  use 
on  oil  of  lower  viscosity,  increase  tho  wind  speed  or  add  neat  oil. 

The  paint  should  be  made  shortly  before  use  since  it  deteriorates  in  storage. 

The  paint  ir  an  old  pattern  need  not  be  removed  for  each  test  but  tho  surfaco  must 
be  rostorod  with  a  roller  containing  oil  only  sinoo  the  amount  of  additive  is  linked 


Soo  aodloal  note  in  Soot  ion  1. 3. 2. 4. 
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with  the  pigment  rather  than  the  oil.  After  a  few  tests  the  surface  should  be  cleaned 
with  a  rag  soaked  in  oil  containing  an  excess  of  additive. 

(3)  Titanium  dioxide  wash 

Mix  together  thoroughly  1  part  by  weight  of  titanium  dioxide,  1  part  linseed  oil 
and  4  parts  oil.  Here  the  pigment  is  almost  fully  dispersed  and  a  very  fine  pattern 
of  low  contrast  is  produced  which  is  suitable  for  photographing  only  on  small  models 
although  it  is  useful  for  visual  work  when  transition  must  be  determined  at  the  same 
time-  as  the  flow  pattern. 

Hie  paint  keeps  well  in  an  airtight  bottle. 


1.3.5  PHOTOGRAPHIC  RECORDING 

The  main  difficulty  in  photographing  patterns  in  normal  light  is  to  avoid  highlights 
arising  from  reflections  and  uneven  lighting.  With  evenly  diffused  lighting  and  a 
slow,  high-contrast  emulsion  there  are  no  special  precautions  required  in  taking 
photographs  of  high  quality  white  patterns  on  black  models.  If  the  model  is  coloured, 
the  contrast  is  improved  if  a  suitable  filter  or  an  emulsion  insensitive  to  the  back¬ 
ground  colour  is  used.  Thus  a  model  finished  in  natural  wood  colour  is  best 
photographed  with  an  ‘ordinary’  emulsion,  that  is  one  sensitive  to  blue  only. 

If  the  model  ca:i  be  taken  out  of  the  wind  tunnel,  lighting  becomes  easier.  The 
model  with  a  lampblack  pattern  illustrated  in  Figure  I. 15  was  removed  from  the  wind 
tunnel  and  placed  in  a  tent  made  of  white  fabric.  The  tent  was  illuminated  from  out¬ 
side  and  produced  a  uniform  lighting  effect  on  the  model. 

With  a  fluorescent  pattern  illuminated  only  by  ultra-violet  light,  the  difficulties 
connected  with  the  appearance  of  the  surface  of  the  model  and  with  reflections  are 
overcome.  The  tunnel  is  blacked  out  and  the  fluorescence  is  excited  by  a  lamp* 
emitting  the  mercury  3650$  line.  Only  the  pattern  is  seen,  both  the  model  surface 
and  the  background  remaining  invisible.  Reflections  of  the  light  source  in  the 
surface  are  eliminated  by  fitting  an  ultra-violet  filter  (Wratten  2B)  to  the  camera 
and  the  visible  fluorescence  is  photographed  on  a  medium  speed  panchromatic  plate 
(Ilford  F, P. 4),  Although  the  exposure  time  is  quite  long,  it  cannot  be  shortened  by 
using  a  faster  plate  because  of  the  greater  reciprocity  failure,  and  similar 
difficulties  are  found  with  colour  emulsions. 

The  intense  blue  fluorescence  of  chrysene**  allows  an  'ordinary'  emulsion  to  be 
used  without  loss  of  speed.  Negatives  of  brilliant  quality  are  obtained  which  can  be 
processed  under  a  red  safe  light  (Fig.  1.8). 

In  order  to  avoid  the  long  exposure  times  required  with  fluorescent  pigments  an 
electronic  flash  tube  can  be  used  instead  of  a  continuous  burning  lamp  if  a  window  of 


•  An  ordinary  U-V  ‘Bun  ray’  lamp  1b  sultuble. 


*•  Sou  medical  note  In  Bection  1.3.2. 4, 
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Wood's  Glass  (sometimes  called  blackglass)  is  fitted  to  the  gun.  The  flash  fector  Is 
reduced  because  only  the  ultra-violet  content  of  the  flash  is  transmitted;  for 
instance,  a  100  Joule  unit  used  with  ‘Saturn  Yellow’  gives  a  flash  factor  of  about 
10  with  50  ASA  film.  Colour  photographs  are  easily  obtainable  in  this  way. 

Ultra-violet  light  is  injurious  to  the  eyes  and  suitable  glasses  must  be  worn  when 
it  is  being  used. 

Figure  I. 14  gives  the  photographic  data  used  in  the  13  ft  x  9  ft  low  speed  wind 
tunnel  at  the  Royal  Aircraft  Establishment,  Bedford. 


1.3.6  INTERPRETATION  OF  OIL  PLOW  PATTERNS 

The  objections  that  are  raised  against  the  surface  oil  flow  technique  are  often 
the  result  of  careless  interpretation  or  attempts  to  read  too  much  into  the  details 
of  the  pattern.  It  is,  of  course,  impossible  to  give  detailed  instructions  in  inter¬ 
pretation  as  it  must  depend  on  a  thorough  understanding  of  aerodynamic  features  of 
the  model  under  test.  Some  examples  of  flow  patterns  are  discussed  below  to  assist 
in  the  recognition  of  common  flow  conditions  but  it  must  be  remembered  that  under 
different  circumstances  they  might  appear  in  a  different  form.  In  the  notes  given 
below,  familiarity  with  the  aerodynamics  of  separated  flow  regimes  is  assumed. 
Clarification  will  be  found  in  Reference  1.3.6. 

Figure  1.16  shows  the  flow  pattern  on  a  swept  wing  at  0°  incidence  made  with  a 
titanium  dioxide  flocculent  paint.  Hie  difference  in  appearance  betwoen  the  laminar 
and  turbulent  regions  can  be  seen,  especially  in  the  turbulent  wedges  from  the 
disturbances  near  the  leading  edge  where  the  high  shear  has  led  to  fine  streaks. 

Figure  1.17  shows  the  flow  on  part,  of  a  25°  swept  wing  at  three  angles  of  incidence 
using  Dayglo  and  ultra-violet  light.  At  a  =  2°  there  is  a  laminar  separation  and 
reattachment  at  about  the  half-chord  position.  In  the  separated  region  there  is  an  ' 
accumulation  of  paint  which  has  been  drifting  slowly  towards  the  tip,  leaving  a  clear 
area  on  either  side.  At  several  places  turbulent  wedges  hove  broken  through  the 
separation  area  and  some  of  the  accumulated  oil  is  drifting  towards  the  trailing 
edge  through  these  gaps.  The  large  V-shaped  pattern  near  the  inboard  end  of  the  wing 
is  the  wake  from  a  supporting  wire. 

At  a  =  6°  the  laminar  separation  region  and  roattachment  are  visible  at  the 
loading  edge  of  the  wing  and  the  turbulent  boundary  layer  nearer  the  trailing  edge 
is  beginning  to  drift  ' jwards  the  tip. 

At  a  -  10°  there  is  still  a  laminar  separation  region  with  roattachment  at  the 
loading  edge  and  there  is  now  a  turbulent  separation  near  the  trailing  odgo.  Tho 
surface  flow  direction  behind  this  separation  is  forwards  from  tho  trolling  odge. 

The  wake  from  the  supporting  wiro  is  having  a  large  local  effect  on  this  flow. 

The  main  featuros  associated  with  vortex  flows  from  odgo  soparntions  are  illustrated 
by  tho  flow  over  a  flat,  sharp  -edged  delta  wing  with  an  aspect  ratio  of  1.  The 
pattern  in  Figure  1,0  is  produced  by  chrysono  and  kerosono  photographed  In  ultra¬ 
violet  light.  The  coilod  vortox  sheets  springing  from  the  separations  along  tho 
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leading  edges  produce  the  characteristic  ‘herring-bone’  patten.,  on  each  side  of  the 
centre-line.  The  suction  peak  on  the  wing  surface  associated  with  the  vortex  above, 
lies  close  to  the  point  of  inflexion  of  the  S-shaped  lines  in  the  herring-bone 
pattern.  Tho  point  of  inflexion  is  often  closer  to  the  leading  edge  than  a  casual 
inspection  may  suggest.  Measurements  of  surface  flow  direction  by  other  methods  on 
this  model  confirmed  that  the  streaks  gave  a  reliable  indication. 

The  secondary  separation  line  is  indicated  by  the  dark  line  outboard  of  the 
herring-bone  pattern.  In  the  early  stages  of  the  development  of  the  pattern  this 
region  contained  an  accumulation  of  paint  and  it  appeared  then  as  a  white  line.  As 
the  development  progressed,  this  accumulation  was  blown  off  the  trailing  edge  leaving 
the  wing  surface  hare  as  It.  1r  in  the  photograph.  Regions  of  separation  sre,  there¬ 
fore,  indicated  either  by  white  patches  or  dark  patches  according  to  the  conditions 
and  the  state  of  development  of  the  pattern. 

Outboard  of  the  secondary  separation  line  is  a  region  of  secondary  flows  including 
a  further  separation  line. 

i 

In  flow  regimes  of  this  kind  the  shape  of  the  seoondary  separation  line  can  often 
give  indirect  indications  of  the  state  of  flow  elsewhere.  For  Instance,  a  transition 
from  laminar  to  turbulent  flow  on  the  surface  of  the  middle  of  the  wing  is  sometimes 
accompanied  by  a  sudden  outboard  bend  of  the  seoondary  separation  lines.  Also,  during 
a  study  of  the  breakdown  of  the  vortex  core,  it  was  noticed  that  there  was  also  a 
change  in  direction  of  the  separation  line.  Figure  I.fl,  which  illustrates  this 
phenomenon,  1»  also  on  example  of  the  poor  pattern  whioh  is  obtainod  when  the  size  of 
partloles  of  pigment  (in  this  case  anthraoene)  is  too  large. 

The  part-span  vortex  flow  on  a  35°  swept  wing  at  a  =  8°  is  illustrated  in 
Figure  1.18.  In  this  oase  the  seoondary  separation  line  is  white  because  the  paint 
has  not  cleared  away.  At  a  =  18°  on  the  same  wing  the  vortex  flow  has  spread  all 
along  the  loading  edge.  Under  the  vortex,  tho  angle  of  sweepback  of  the  surfaoe  flow 
is  less  than  that  of  the  wing  trailing  edge.  At  a  point  further  inboard,  the  surfaoe 
flow  is  tangential  to  the  trailing  edge  and  a  new  vortex  forms  from  the  trailing  edge 
outboard  of  this  point.  When  this  happens,  oil  which  has  accumulated  on  the  trailing 
edge  is  drawn  over  the  surfaoe  of  the  wing  in  a  ourved  line  and  this  line  is  often  a 
valuable  indication  that  the  new  vortex  has  formed.  The  herring-bone  pattern 
associated  with  this  vortex  is  eometimee  found  on  the  upper  surfaoe  near  the  trailing 
edge,  but  this  is  not  very  evident  in  Figure  I. 18. 

On  wings  with  highly  swept  edges  tho  vortex  flow  breaks  down  noar  the  tlpo  at  high 
angles  of  Incidence  and  a  forward  flow  on  the  surface  results.  The  lnoldenoe  at  which 
this  breakdown  occurs  decreases  with  the  sweep  angle  and  it  is  a  common  feature  of  the 
flow  on  wings  of  moderate  sweep.  Figure  1.15  shows  the  surfaoe  flow  pattern  obtained 
with  lampblack  and  kerosene  on  a  45°  delta  wing  at  a  =  20°  .  The  vortex  flow  ie 
clearly  shown  near  the  front  of  the  wing  but,  nearer  the  tip,  the  flow  is  mainly  In  a 
forward  dlreotlon  which  loads  to  a  rotating  flow  in  the  surface  plane.  The  centre  of 
the  rotation  is  usually  plainly  marked  end  indicates  the  rearward  extremity  of  the 
normal  vortex  flow. 
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1.4  THF  SURFACE  OIL  FLOW  TECHNIQUE  FOR  USE  IN  HIGH  SPEED 
WIND  TUNNELS 

A.  Stanbrook 


1.4.1  INTRODUCTION 

The  principles  of  the  surface  oil  flow  technique  in  high  speed  wind  tunnels  are 
similar  to  those  for  low  speed  tunnels  (Section  1.3)  but  more  emphasis  is  placed  on 
the  choice  of  the  oil  medium  to  suit  the  running  time  required.  Again,  the  exact 
compositions  of  the  paint  mixtures  used  in  various  laboratories  have  individual 
characters  based  on  the  local  conditions  and  the  personal  preferences  of  the 
experimenters  concerned.  The  purpose  of  this  Section  is  to  collate  the  experience 
from  separate  tunnels,  to  explain  variations  in  the  technique  and  to  provide  a  guide 
for  the  development  of  oil  mixtures  for  specific  purposes. 

Typical  examples  of  oil  flow  pattoms  from  a  high  speed  tunnel  are  presented  in 
Figure  1.19.  Figure  1.19(a)  shows  the  types  of  pattern  obtained  when  the  flow, 
separating  from  the  loading  edge,  forms  either  a  bubble  or  a  vortex.  The  third  photo¬ 
graph  shows  the  appearance  of  transition  in  oil  flow  patterns.  (Comparisons  betweon 
oil  flow  and  sublimation  visualization  of  transition  position  are  discussed  in 
Reference  1.4.1;  the  sublimation  technique  is  described  further  in  Reference  1.4.2.) 
Flguro  I. 19(b)  shows  flow  deflection,  and  separation,  at  shock  waves,  together  with 
the  appearance  of  a  tip  vortex.  The  uppermost  photograph  in  Figure  1.19(c)  shows  a 
typical  rosult  of  the  application  of  too  much  oil  mixture.  During  tho  run  oil 
accumulated  bohlnd  tho  separation  lino  and  formed  a  blob  which  stood  up  from  the  wing. 
As  the  tunnel  flow  was  stopped  this  blob  collapsod  and  tho  oil  spread  over  an 
appreciable  rogiou  on  the  wing,  obliterating  details  of  the  flow. 

Tho  other  throe  photographs  In  Figure  1. 19(c)  show  various  stage*  in  tho  development 
of  oil  pnttorns.  Tho  first  shows  an  early  stage  at  which  tho  filaments  ore  lust 
forming.  In  tho  second,  filaments  have  formod  but  arc  run..!.,g  together  to  form  rivers 
of  oil  which  are  obscuring  detail,  Tho  third  was  taken  aftor  the  completion  of  this 
same  run,  when  tho  rivers  had  flowed  downstream,  oft  tho  model,  and  a  largo  amount  of 
fine  detail  could  be  observed. 


1.4.2  EXPERIMENTAL  STUDY  OF  TUE  DEVELOPMENT 
OF  THE  PATTERN 

1.4.2. 1  Effect  of  the  Pigment  Concentration 

To  provide  background  Information  on  tho  importance  of  precise  proportions  of  the 
oil  mixture,  a  series  of  tests  was  made  on  a  wedge  of  15°  total  angle  and  2.5  in. 
chord  In  a  3  In.  square  supersonic  wind  tunnel  with  a  short  starting  time 
(approximately  3  seconds).  Tho  oils  referred  to  in  tills  aud  In  other  parts  of  the 
note  are  classified  lu  Appendix  1.4.1. 
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Figure  1.20  shows  a  typical*  graph  of  the  variations  of  the  time  taken  to  form  a 
pattern  with  the  proportion  of  titanium  dioxide  to  a  given  oil/oleic  acid  mixture  by 
volume**,  at  a  free  stream  Mach  number  of  1.4  (a  local  Mach  number  on  the  wedge  of 
1.12)  with  atmospheric  total  temperature  and  pressure.  It  will  be  seen  that  there 
was  a  minimum  concentration  of  pigment  below  which  no  filaments  were  observed,  the 
limit  being  lower  with  turbulent  flow  (for  which  the  skin  friction  is  higher).  Above 
this  minimum  a  filament  pattern  was  observed.  The  time  taken  for  the  pattern  to 
develop  was  independent  of  the  pigment  concentration  up  to  a  certain  limit,  above 
which  the  time  increased  rapidly.  At  the  lower  concentrations,  the  pattern  formed 
was  eventually  lost  as  the  oil  mixture  moved  downstream  snd  off  the  model.  The  time 
taken  for  this  to  happen  also  increased  with  pigment  concentration  aim  there  appeared 
to  be  a  limit  above  which  some  trace  of  the  pattern  remained  on  the  model  indefinitely. 

Typical  photographs,  shown  in  Figure  1.21,  compare  the  development  of  the  pattern 
with  both  laminar  and  turbulent  boundary  layers  for  one  particular  oil  mixture, 
i These  photographs  show  H  in.  wide  chordwise  strips  of  the  wedge.) 


1.4. 2. 2  Oleic  Acid  Additive 

The  function  of  oleic  acid  as  an  additlvo  to  titanium  dioxide  prints  to  control 
the  boldnoas  of  the  filament  lines  hy  controlling  the  degree  of  ■  •>ag,lation  of  the 
partlcleR  Is  discussod  in  Section  1.3.2.  The  following  tosts  made  in  the  3  in. 
super  bun  1c  luiuiel  illustrate  the  effects  under  high  speed  flow  conditions. 

Figure  1,22  shows  flow  patterns  obtained  on  tho  wedgo  in  the  3  in.  tunnel  using 
mixturos  containing  different  amounts  of  dispersing  agent.  The  uppermost  pattern 
was  obtained  with  no  dispersing  agent  (3  ccs  OU-IOG  oil  +  2  ocs  T10}).  Tho  skin 
friction  in  the  laminar  flow  region  was  too  low  to  move  the  coagulated  oil  sheet. 
Howevor,  Irregularities  In  the  oil  shoot  caused  triuisltlon  further  downstroaa  and 
tho  higher  akin  friction  was  sufficient  to  move  the  oil.  Tho  second  photograph  showB 
a  pattern  obtained  with  a  small  amount  of  oleic  acid  present  (1  drop  In  3  ccs  Oil-108 
oil  ♦  2  ccs  TIOj).  with  which  an  acceptable  fllamont  pattern  was  obtained.  Since 
tho  further  addition  of  sufficient  oleic  aold  to  ensure  complete  dispersion  of  the 
pigment  would  probably  have  altered  the  viscosity,  a  proprietary  oil  of  the  same 
viscosity  containing  the  hlghost  available  proportion  of  detergent  additive  (Qioll 
Rlmula  30)  was  used.  Tho  result  Is  shown  In  the  third  pattern  In  Figure  1.22. 

Since  dlsporslon  was  complete,  the  pigment  partlolos  were  each  completely  separate 
and  no  filaments  were  observed. 

It  in  seen  from  tho  uppermost  pattern  In  Plguro  1.23  that  where  the  skin  friction 
Is  high  enough  (e.  g.  In  tho  turbulent  boundary  layer)  It  Is  possible  for  an  oil 
mlxturo  not  containing  oleic  acid  to  flow,  in  the  particular  case  shown  In 
Figure  1.22  the  filament  pattom  Is  Indistinct.  Plguro  1,23  shows  a  comparison 
between  flow  patterns  on  a  wing  froa  aixturea  with  and  without  oleic  acid  (1  drop  in 


*  These  results  sre  for  OH-108  oil  but  tests  with  other  oils  shoe  vurlstloos  <  tiller  la  tyre. 

••  Voluse  of  tltsnlua  dioxide  refers  to  the  loosely  packed  poeder  «»  scooped  froa  the  Jsr. 

Its  density  hss  been  found  to  be  spproslastely  O.TS  pa/cc. .  compared  with  the  true  density 
of  tltanlus  dioxide  of  3. 8-4. 2  sa/cc. 


ccs  oil  +  1  cc  TiO?)  .  Hie  skin  friction  was  sufficient  to  move  the  oil  near  the 
leading  edge  and  the  root  and,  in  this  case,  the  advantage  gained  from  the  addition 
of  oleic  acid  was  only  marginal,  flow  lines  being  visible  in  both  cases,  hut  more 

distinct  when  oieic  acid  was  present.  (The  flow  was  attached  around  the  leading  edge 

of  the  wing  and  then  separated  from  the  surface  at  a  shock  wave. )  Further  downstream, 
in  the  region  of  separated  flow,  the  skin  friction  and,  hence,  the  rate  of  flow  of 
oil  were  low.  The  test  was  not  continued  for  long  enough  to  see  whether  the  oil 

would  move  in  this  region;  to  do  this  would  have  resulted  in  loss  of  the  remainder  of 

the  pattern. 

wnetner  or  not  filament  patterns  may  be  obtained  without  oieic  acid  will  depend  on 
the  viscosity  of  the  oil,  on  the  quantity  of  pigment  added  and  on  the  skin  friction 
irt.er.slty  in  the  flow.  This  may  be  seen  from  the  following  table  which  shows  limiting 
pigment  concentrations  with  various  oils  for  laminar  and  turbulent  flow  (from  tosts 
in  the  3  in.  tunnel): 


Oil 

Fiscos i ty  at 
surface 
temperature 
( Stokes ) 

Limit  ing  pigment  concentration 
(cc  TiOj/cc  oil) 

Laminar 

Turbulent 

Shell  Llmoa  931 

4 

0.5 

0M-108 

6 

- 

OH- 108 

9 

0.  45 

m&m 

Shell  Vitrea  72 

14 

-  - _  _j 

0.3 

m 

For  lower  concentrations  than  those  the  link  between  the  pigment  particles  m  the 
coagulated  uuiworU  wus  sufficiently  weak  to  be  readily  broken  by  the  akin  friction. 

Now,  if  oosc  dispersing  agent  were  added  a  certain  amount  of  the  pigment  would  be 
dispersed.  It  Is  reasonable  to  suppose  that  further  pigment  could  be  -dded  until  the 
suae  degree  of  coagulation  was  reached.  Some  teats  to  study  this  effect  were  made 
using  varying  proportions  of  oleic  acid  to  oil.  The  result*  (Fig. 1. 31)  show  that  an 
appreciable  increase*  In  the  limiting  pigment  concentration  was  produced  hy  tho 
addition  of  a  small  proportion  of  oleic  acid  (0,08  drop/ce  of  oil).  .»  lmpr-iveoent 
did  not  increase  In  proportion  to  the  amount  of  oleic  r.ctd  added,  presumably  owing  to 
additional  factors  such  as  the  reduction  in  spacing  of  individual  pigment  particle* 
(relative  to  their  slste)  at  the  Increased  pigment  concentrations  Involved. 

At  moderate  pigment  concentrations  (0.2  to  0.6,  Pig.  1.20  Increase  of  the  pro¬ 
portion  of  oleic  acid  first  decreases  tho  time  taken  to  form  a  pattern  ond  then 
increases  It.  The  initial  decpeaso  Is  probably  due  to  *  lie  increaaed  ease  of  movement 
of  tho  oil  mixture  brought  a, bout  by  a  small  degree  of  dluporalon  and  the  consequent 
break-up  of  tho  coagulated  motwurk.  As  the  dogroe  of  dispersion  1*  >tu.  eased  the 


The  quantitative  results  obtained  may  only  be  applied  lo  the  particular  staple  of  (dele  acid, 
because  of  possible  difference  of  quality  and  deterioration. 
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size  of  the  coagulated  clusters  of  particles  decreases  and  more  tine  is  required  for 
them  to  collect  together  into  filaments. 

The  discussion  above  shows  that  oleic  acid  nay  be  used  to  extend  the  workable  range 
of  pigment  concentrations.  However,  it  is  not  advisable  to  use  a  mixture  which  is 
near  to  the  limiting  pigment  concentration,  since  the  limit  depends  upon  the  actual 
skin  friction  Intensity.  With  a  complex  flow  pattern  the  range  of  skin  friction  would 
be  large,  from  very  high  values  In  the  regions  scoured  by  vortices  to  very  low  va'ues 
in  the  neighbourhood  of  separation.  Then,  if  a  mixture  with  a  pigment  concentration 
near  the  limit- were  used  it  is  probable  that  there  would  be  extensive  rogions  in  which 
the  skin  fHrtion  intensity  was  insufficient  tc  break  up  the  coagulated  network  of 
pigment  particles. 

I. 4. Z. 3  The  Thickness  of  tho  Oil  Sheet 

Some  tests  woro  made  with  various  initial  tlucknessdinTT  7511  on  tho  wedge,  using 
pairs  of  fooler  gaugos  and  a  straight-edge  to  ‘ecrapo’  tho  oil  shoot  to  a  required 
thicknoss.  No  variation  in  the  lime  takon  to  develop  a  filament  pattern  was  observed 
over  tho  rango  of  thicknesses  from  0.0005  In.  to  O.OOS  in.  It  was  also  found  that 
the  normal  application  of  oil  mixture  used  in  the  tests  was  approximately  0.002  in. 
thick. 

The  distribution  of  oil  film  thickness  over  a  surface  during  tho  running  period  is 
given  by  Equation  (1.17)  which  Qay  bo  solved  numerically  for  laminar  and  turbulent 
flow  on  a  two-dimensional  flat  plate  assuming  that  tho  presence  of  the  oil  does  not 
affect  the  surface  akin-friction  intensity.  Calculations  have  been  made  for  the 
conditions  of  the  tests  In  tho  3  in.  tunnel  doacrlbod  In  Section  1.4.2. 1  and  for 
initial  thicknesses  of  the  oil  sheet  of  0.005  In.  and  0.00]  in.  The  results  are 
shown  In  Figure  1.25  In  the  form  of  thickness  distributions  across  tifte  wedges  at 
various  times  after  the  start  of  the  motion. 

It  will  be  seen  that  the  oil  sheet  thickness  varies  about  five  times  os  fast  for 
the  turbulent  boundary  layer  aa  for  the  laminar,  and  that  sfter  about  30  seconds  for 
laminar  flow  (and  0  .loeonrts  for  turbulent  flow)  the  thickness  Is  virtually  Independent 
of  the  Initial  thlrknoss. 

The  photographs  reproduced  In  Figure  1,21  were  taken  at  various  times  In  the 
development  of  the  oil  filaments.  In  the  laminar  flow  pattern  at  H  minute  filaments 
have  formed  3/4  in,  from  the  leading  edge  while  at  2H  minutes  there  are  filaaents 
over  the  entire  chord.  Filament*  formed  over  0.8  of  the  chord  in  h  minute  of 
turbulent  flow.  Comparison  with  the  theoretical  thickness  distributions  at  the 
corresponding  points  and  Uses  suggests  tint  In  these  testa  the  filaments  forced  shen 
the  sheet  thickness  was  approximately  0.0002  In.  (Irrespective  of  tho  Initial 
thickness  of  the  oil  sheet). 


1.4.3  COMPARISON  OF  THE  VABIOUS  FOURS 
OF  THK  TECHNIQUE 

1.4.3. 1  General  Communis 

Soee  genet al  comments  cay  be  made  from  inforualioii  »upp!led  by  the  staffs  of 
various  tunnels. 
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The  majority  of  the  mixtures  used  have  from  2/5  to  2/3  ee  plgmcnt/cc  of  oil 
although  concentrations  varyi.  ;  from  1/5  to  3  are  also  in  uce.  (The  stiffer  mixes 
have  been  used  where  it  is  required  to  limit  the  movement  of  the  pattern  during  tunnel 
shut-down.  The  timc3  taken  are  not  comparable  with  those  for  the  more  common  pro¬ 
portions.)  Titanium  dioxide  is  used  fairly  consistently  as  pigment  -  it  is,  after  all, 
the  whitest  pigment  available.  Antimony  dioxide  has  been  tried  (by  Lee  and  Berry  of 
the  National  Physical  Laboratory)  with  less  satisfactory  contrast  in  the  results. 
Lampblack  is  used  in  low  speed  tunnels,  but  appears  to  have  been  used  little  in  high 
speed  tunnels  (the  only  case  found  was  in  some  early  tests  by  Fairbain  in  an  inter¬ 
mittent  tunnel  at  Armstrong  Whitworth  Aircraft).  Another  pigment  in  use  (bv 
Igglesden  (Ret.I.4.5)  of  the  Royal  Aircraft  Establishment)  is  Prussian  Blue  (supplied, 
in  paste  form,  ready  mixed  with  shell  Carnca  35  nil  by  Henry  Stuart,  Sons  &  Co.,  as 
■Micrometer’  brand  engineer’s  blue  marking).  Fluorescent  powders  have  been  used  in 
low  speed  tunnels,  and  could  also  be  used  In  high  speed  tunnels  provided  that  their 
use  was  restricted  to  largo  models  (because  of  the  large  particle  size). 

The  choice  of  oil  is  largely  determined  by  tunnel  running  contritions.  For 
instance,  a  ilght  oil  or  hydraulic  fluid  would  be  used  in  aw-lntcrmittent  tunnol  to 
reduce  the  time  taken  to  lorm  a  pattern  'e.g.  0*1-15  is  used  in  an  intermittent  tunnel 
at  Armstrong  Whitworth  Aircraft'.  On  the  other  hand,  a  heavy  oil  would  be  used  in  a 
tunnel  which  takes  a  long  time  to  reach  operating  conditions,  to  lengthen  the  time 
taken  to  form  a  pattern  and  hence  i«  limit  the  effect  on  the  oil  flow  of  the  incorrect 
running  conditions  (e.g.  Shell  Naasa  ST  oil  has  been  used  in  the  3  ft  and  8  ft  tnnnols 
at  the  Royal  Aircraft  Establishment,  Bedford)  In  tunnels  where  the  temperature  lit 
raised  to  avoid  moisture  condensation  (e.g.  Be  davit  land  Alreraft,  Bullish  Electric 
Aviation  and  Handley  Page)  a  silicone  fluid  is  generally  used  in  place  of  oil.  Tills 
has  the  advantage  of  avoiding  excessive  viscosity  at  atmospheric  trmperature,  thnrehy 
making  application  of  the  mixture  easier.  Castor  oil  has  been  used  (in  the  8  ft  * 

G  ft  tunnel  at  the  Royal  Aircraft  Establishment)  on  metal  models  with  an  extremely 
high  standard  of  surface  finish.  Trouble  was  experienced  with  othT  oils  on  these 
models,  castor  on  was  tried  because  of  Its  high  adhesion  to  metal  surfaces. 

Oleic  acid  Is  used  to  limit  coagulation  in  nearly  all  cases,  although  it  has  not 
been  necessary  to  add  any  dispersing  agent  to  mixtures  based  on  natural  animsl  or 
vegetable  oils  (such  as  castor  oil)  since  sufficient  fatty  acids  are  present  In  these 
oils,  in  soec  cases,  dispersing  agents  have  been  omitted  from  mixtures  based  on 
n./iersi  oils  and  sons  fora  of  pattern  has  been  produced.  However,  the  standard  of 
the  pattern  „ould  possibly  have  beer,  improved  by  the  addition  of  oleic  acid.  In 
other  eases,  the  oil  viscosity  has  been  varied  by  blending  two  oils,  one  of  which 
already  contains  a  dispersing  agent.  They  were  hot  always  mixed  in  the  same  prn- 
portvon  and  the  consequent  variation  In  the  degree  of  dispersion  resulted  in  the 
standard  of  pattern  formed  not  being  repeatable.  It  would  be  preferable  In  such  a 
case  to  choose  two  oils,  neither  of  which  contains  additive*. 

By  varying  the  degree  of  coagulation  ( l . e.  changing  the  relative  proportions  of 
PlgsvWit  and  dispersing  agent)  11  Is  possible  to  alter  the  size  of  the  filaments  and, 
hence,  the  scale  0f  the  pattern.  Thus,  a  greater  degree  of  coagulation  is  necessary 
on  large  models  than  on  smaller  node Is. 

The  saallest  size  of  filament  to  be  attained  is  determined  hy  the  resolution  of 
the  ph-  tographlr  system  used  and  hy  the  method  to  be  used  for  the  reproduction  of  the 
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results,  if  any.  Although  considerably  more  fine  detail  may  be  obtained  on  a  large 
model  than  on  a  small  one,  this  may  bs  useless  if  it  cannot  be  recorded. 

Cleansing  of  the  surface  of  the  model  with  solvent  and  rubbing  over  with  oil  is 
held  by  some  to  be  essential  for  the  production  of  good  oil  flow  patterns  while  others 
consider  it  to  be  completely  unnecessary.  Whether  it  is  essential  or  not,  it  does 
serve  the  useful  purpose  o i  removing  finger-prints  (which  may  be  acidic)  ana  of 
providing  a  clean,  uniformly  oily  surface.  No  one  considers  cleaning  to  be  necessary 
between  the  individual  runs  of  a  series  of  oil  flow  studies,  respreading  of  the 
mixture  with,  possibly  further  application  of  the  oil  mixture  being  sufficient  in 
this  case. 

The  method  of  application  varies  between  spray,  paint-roller,  brush  and  hand 
according  to  the  viscosity  of  the  mixture  and  the  size  of  the  model.  The  thicker 
mixtures  are  applied  by  hand  and  :it  is  thought  that  the  rubbing  action  of  the  finger 
on  the  surface  improves  the  initial  dispersion  of  pigment. 

I. 4. 3. 2  Correlation  of  Running  Times 

In  addition  to  providing  details  of  the  oil  mixtures  used  in  their  tunnels,  the 
various  staffs  were  invited  to  quote  times  for  the  formation  of  flow  patterns  on 
typical  models.  The  data  provided  are  for  a  large  variety  of  tunnels,  varying  from 
low  speed  to  high  supersonic  speed  and  including  both  intermittent  and  continuous 
running.  They  apply  to  models  of  wings  and  of  wing/body  combinations.  Total 
temperatures  vary  from  15°C  to  140°C.  The  oils  used  range  from  kerosene  to  steam 
cylinder  oils  and  include  silicone  fluids. 

In  Figure  1.26  these  running  times  are  correlated  in  terms  of  the  parameter 

^oil/qcf 

where  /u0ll  is  the  viscosity  of  the  oil 
q  is  the  dynamic  head 
cf  is  the  local  skin  friction  coefficient, 

which  has  the  dimension  of  time  and  whioh  is  implicit  in  the  theoretical  treatment 
in  Section  1.2).  It  may  also  be  recalled  that  the  time  taken  for  a  pattern  to 
develop  was  found  (experimentally,  with  some  further  theoretical  Justification)  to  be 
independent  of  the  initial  thickness  of  the  oil  sheet. 

For  the  correlation,  the  oil  viscosity  hes  been  taker,  at  the  surface  rocovery 
temperature  for  zero  heat  transfer  (Ref. 1.4.3),  while  the  looal  skin  friction 
coefficient,  cf  ,  has  been  calculated  at  the  trailing  edge  of  a  typical  chord, 
using  Cope’s  data  for  flat  plates  (Ref. 1. 4. 4)  at  the  free  stream  Mach  number.  It 
will  be  seen  that  the  correlation  is  reasonable,  the  majority  of  the  data  lying  in 
the  range 

t  =  (36,000  ±12,000)  . 

\q°f  / 

(Note  that  in  Figure  1.26,  for  convenience,  the  ordinate  is  measured  in  minutes  whilo 
the  abscissa  is  measured  in  seconds.) 
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Results  for  the  flow  on  the  simple  flat  wedge  In  the  3  in.  tunnel  are  also  plotted 
In  Figure  1.26  (as  filled  points).  The  times  quoted  are  for  the  initial  formation  of 
filaments,  which  then  remained  on  the  wedge  for  a  considerable  time  (see 
Section  1.4.2, 1).  The  fact  that  these  times  (t  c  7500  Mqh/QCj)  aro  minima  in 
itself  accounts  for  them  being  less  than  the  general  values  quoted,  where  time  has 
been  allowed  to  ensure  that  the  pattern  is  fully  established.  Further,  in  the  general 
case  the  skin  friction  will  differ  from  the  flat  plate  value,  being  higher  in  some 
regions  and  lower  in  others.  Consequently,  it  is  to  be  expected  that  filaments  will 
form  quickly  in  some  regions  (e. g.  beneath  strong  vortices)  while  in  others  the 
formation  will  be  delaved  and  time  has  to  be  allowed  for  the  pattern  to  develop  in 
all  regions. 


1.4.4  MULTIPLE  PATTERNS  DURING  A  SINGLE  RUN 

Various  attempts  have  been  made  to  obtain  more  than  one  oil  flow  pattern  during  a 
single  run.  It  has  been  found  to  be  possible  in  certain  cases,  given  some  pre¬ 
knowledge  of  the  type  of  flow  patterns  that  aro  going  to  be  obtainod.  For  example  it 
is  helpful  to  know  in  advance  that  at  one  of  the  Incidences  to  be  tested,  there  will 
bo  a  major  flow  separation  or.  the  wing.  If  this  is  then  selected  as  the  first 
condition  (and  a  suitable  condition  chosen  to  follow)  sufficient  oil  may  be  loft  on 
the  wing  to  bo  redistributed  In  the  later  condition.  It  is  also  possiblo  to  intor- 
poso  a  dissimilar  pattern  between  two  similar  patterns  at  difforont  conditions  in 
order  to  ensure  that  the  second  of  the  like  patterns  is  froshly  obtained.  This 
method  has  boon  usod  by  Oraorod  in  studies  of  tho  vortex  flow  ovor  slonder  wings, 
whore  tho  pattern  changes  little  with  Mach  number  at  flxod  incidence. 

Multiple  patterns  may  also  be  usod  successfully  when  studying  one  particular  and 
localised  feature  of  the  flow.  For  example  (Ref. 1.4. G),  in  obtaining  the  Mach  number 
and  flow  deflection  boundary  for  shook- induced  separation  of  the  boundary  layer 
separated  and  attached  flows  wore  Investigated  a'f «.r«»»*»ly  slid  the  type  of  flow  was 
clear  oven  though  fino  details  were  confused  by  traces  from  earlier  patterns. 

For  permanent  records  in  all  those  cases  It  Is.  of  course,  essential  to  be  able  to 
photograph  the  flu*  pattern  during  the  run. 


4.4.5  CONCLUDING  REMARKS  -  RKCO**rNDKO  MIXTURE 

From  a  correlation  of  available  data  on  the  oil  flow  technique  it  is  possiblo  to 
recommend  the  following  procedure  for  the  determination  of  an  oil  mixture, 

(1)  Tno  running  lime  to  develop  a  pactum  is  first  decided,  by  consideration  of  the 
operating  condition*  of  the  tunnel. 

(2)  Th i h  time  is  divided  by  30,000  to  give  an  approxlmats  valuo  for  the  parameter 
'‘oil  1,0 f  • 

(3)  A  value  of  qc^  ,  calculated  at  iii»  (railing  edge  of  a  typical  chord  from 
boundary  layer  theory  for  a  flat  plate,  is  used  tn  determine  the  required  oil 
viscosity  at  the  timin' rut  ore  of  the  surface.  With  slople  aodels,  or  if  the  ci  rrect 
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lowest  value  of  qcf  on  the  model  is  U3ed,  this  may  under-estimate  the  viscosity 
required  (Section  1.4.3. 2). 

(4)  A  suitable  oil  may  be  chosen  from  Figure  1.27,  or  similar  data. 

(5)  The  mixture  should  contain  from  2/5  to  2/3  parts  of  titanium  dioxide  powder  to 
1  part  of  oil  (by  volume  or  weight,  since  the  densities  are  almost  identical). 

(6)  The  amount  of  oleic  acid,  or  other  dispersing  agent,  must  be  determined  by 
experiment,  since  the  factors  involved  are  so  variable  (e.g.  the  oleic  acid  may 
deteriorate,  the  oil  may  already  contain  a  dispersing  agent  or,  in  some  cases,  a 
dispersing  agent  may  be  unnecessary). 


APPENDIX  1.4.1 


Characteristics  of  the  Various  Oils  in  Use 


A  brief  description  of  some  oils  in  use  is  given  below  and  graphs  of  the  variation 
of  kinematic  viscosity  with  temperature  are  given  in  Figure  1.27.  The  SAE  motor  oil 
classifications  are  also  shown  in  Figure  1.27  for  convenient  reference. 


SERVICE  OILS  (Ref.I.4.7) 


OM  -  13 


A  light  mineral  oil  of  low  pour  point  (-46°C)  containing 
0. 05  to  0. 10%  of  stearic  acid. 


OM  -  15 


OM  -  108 

OM  -  160 
OM  -  270 

PROPRIETARY  OILS 

Shell  Group  oils* 
Carnea  35 

Limoa  931 

Macoma  70 


Nassa  79 


Nassa  87 


Rimula  30 


Aviation  hydraulic  fluid;  petroleum  base,  with  an 
oxidation  inhibitor,  viscosity  index  improver  and  an 
anti-wear  agent  (pour  point  -59°C). 

A  refined  filtered  mineral  oil  of  SAE  30  grade 
(pour  point  -18°C). 

A  refined  mineral  oil  (pour  point  -12°C), 

A  plain  mineral  oil  (pour  point  -12°C). 


A  plain  mineral  oil  (pour  point  -12°C),  Specific 
gravity  at  15.6°C  s  0.933. 

A  plain  minavnl  oil  (pour  point  -12°C).  Spoolfic 
gravity  at  15.6°C  =  0.935. 

A  mineral  oil  with  mild  E. P.  additive  In  the  form  of 
soap  (pour  point  -7°C).  Spoolfic  gravity  at 
15. 6°C  =  0.  93G. 

A  plain  mineral  oil  (pour  point  10°C).  Spoolfic 
gravity  at  15.6°C  =  0.905. 

A  plain  minoral  oil  (pour  point  7°C).  Speclflo 
gravity  at  15.8°C  --  0.908. 

A  mineral  oil  of  SAE  30  grade  with  polar  dotorgonl 
addltivo  (pour  point  -la'Vl).  Speclflo  gravity  at 
15.(i°C  -  0,912.  Viscosity  as  for  OM  -  108. 


Detail*  kindly  supplied  by  Shell-Met  and  B.P.  Ltd. 
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Vitrea  72  A  plain  mineral  oil  (pour  point  -7’C).  Specific  gravity 

at  15. 6°C  =  0.880. 

Edgar  Vaughan  &  Co. Ltd.,  Oils 

EVCO  Medium  turbine  oil  Specific  gravity  at  15.6°C  =  0.880. 

EVCO  NPL  4  (No  details  available). 


OTHER  OILS 

Various  vegetable  oils,  such  as  castor  oil  and  linseed  oil,  are  in  use.  They  all 
contain  fatty  acids. 

Various  paraffins  are  in  use. 


SILICONE  FLUIDS  (Ref.I.4.8) 

Midland  Silicone  MS  200/500  cs 
MS  200/1000  cs 
MS  200/12,500  cs 


o 

Dimethyl  silicone  fluids 
•  with  characteristically  high 
viscosity  index. 
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Pig, 1. 2  Varlitloc  of  tlio  tblcknoHs  of  the  oil  ahoot  at  a  stagnation  point 


Pic,  1. 3  Variation  of  the  ratio  H(=  6  Jt>)  with 


Variation  cf  the  sit  in -friction  on  a  surface  :Tcr  different  values 
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fig.  1.9  Surface  flo»  pattern  on  ya««d  *in*.  indication  of  vortex  breakdown 


fig. 1. 10 


Surface  floe  pattern. 


fomallon  of  wavelet*  In  flocculent  nlj.ture 
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WEIQHT  PAN 


Pig,  i.l2  Typical  mobilometer  results  oil  T10?  -  oil  mixture 


;  - 


additive 


Ft*. I. 14  Photographic  data  for  use  in  RAE  low  speed  wind  tunnels 


(•)  a  =  8°:  part  epan  vortex 


s  *  * 


(b)  a  =  10°:  full  spin  lending  edge  vertex  ind  trilling  edge  vortex  noir  tip 
Ktu.  1. 18  Surface  flow  pattern  on  55°  swept  wing.  ( An  vh  racoon- kero  sene;  U*V  light) 


8AN0  OF  ROUGHNESS 
FOR  TRANSITION  FIXING 


Pi«. 1.19(a)  Kisaples  of  oil  flow  patterns 


Pig. 1.19(a)  Examples  of  oil  flow  patterns  (continued) 


Pi*.  1.19(b)  Example*  of  oil  flow  patterns 
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Flf. 1. 19(b)  SuboIm  of  oil  flu*  p*tt«na  (c<MtlBU*d) 


Pt*.  1.24  Effect  of  tile  proportion  t  of  ti*>  elxture  on  '.he  tioe  taken  to  fora  a 


M' 
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LAMINAR  BOUNDARY  LAYER. 
TURBULENT  BOUNOARY  LAYER. 


FILLED  SYMBOLS  REPRESENT  RESULTS  FROM 
INVESTIGATION  IN  THE  3  INCH  TUNNEL. 


PI*.  1.27  Vlscosity/tesiperature  relationship  for  various  oils  in  use 


PART  II 


TECHNIQUES  FOR  LOCATING  BOUNDARY  LAYER  TRANSITION 
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Fig.  11.28 


Transition  indicated  oy  china  clay  technique  (NPL) 
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PART  II.  TECHNIQUES  FOR  LOCATING  SOUNDARY  LAYER,  TRANSITION 


Apart  from  the  methods  described  under  the  sections  dealing  with  smoke  techniques 
and  surface  oil  flow  techniques,  several  methods  have  been  devised  for  locating  the 
position  of  boundary  layer  transition  by  chemical  ana  evaporative  means.  Descriptions 
of  a  number  of  these  methods  are  given  in  Reference  II.  1  and  attention  is  drawn  to 
lists  giver,  there  and  in  Reference  If.  2  of  various  toxic  materials  which  had  previously 
been  suggested  for  use  as  indicators. 

In  current  low  speed  practice  only  the  'china  clay*  and  the  ‘liquid  film’  methods 
are  in  common  use. 

The  'china  clay’  method  is  described  in  detail  In  References  II.  i  and  II.  3. 

Briefly,  the  model  is  coated  with  a  deposit  of  china  clay  (kaolin)  which  appoars  white 
when  dry.  When  sprayed  with  a  volatile  liquid  of  about  the  samo  refractive  index 
(such  as  methyl  salicylate*)  the  coating  appears  transparent.  The  liquid  on  the  part 
of  the  model  subjected  to  a  turbulent  boundary  layer  Is  evaporated  more  quickly  and 
the  white  appearance  is  restored  behind  the  transition  line  (Fig.  II.  28). 

This  mothod  is  particularly  useful  when  many  successive  indications  with  a  high 
degree  of  clarity  are  required  on  the  same  model  but  for  occasional  measurements  the 
preparation  of  the  surfaco  is  too  longthy.  For  rough  indications  a  paste  composed  of 
china  clay  and  kerosene  sproad  on  the  surface  of  tho  modol  with  the  fingers  has  givey 
excellent  results  although  tho  comparatively  uneven  surface  which  results  .iietlmos 
gives  rise  to  transition  wedges, 

Tho  liquid  film  technique  Is  frequently  employed  when  a  quick  indication  of 
transition  la  required  In  the  course  of  a  wind  tumiol  tost.  A  volatilo  oil  is  wiped 
onto  the  surfaco  of  the  model  with  a  swab  so  that  it  is  covered  with  a  thin  film. 

Hie  film  evaporates  more  quickly  in  the  turbulent  region  and  the  transition  lino  con 
readily  bo  soon  in  the  reflections  from  the  surfaoe.  The  indication  is  dourer  on  a 
matt  black  surface  and  tho  contrast  can  bo  increased  by  dusting  the  unovaporatod  area 
with  a  white  powder  such  as  french  chalk. 

It  is  convenient  to  hola  in  tho  laboratory  a  stock  of  kerosene  distillation 
fractions  so  that  a  suitablo  oil  can  be  choson  for  the  tost  conditions,  tho  heavier 
fractions  being  suited  to  highor  spoeds,  Indication  of  tho  position  of  tho  transition 
lino  is  sometimes  sudi  clearer  if  a  transition  wedg.i  is  erontod  artificially  by  n 
small  protrusion  placed  In  the  laminar  regions  for  this  purpose. 

In  high  spood  wind  tunnels  tho  evaporation  technique  has  now  boon  almost  completely 
discarded  in  favour  of  sublimation  methods  (Ref.  II.  4)  whore  a  solution  of  a  suitable 
solid  in  u  highly  volatilo  liquid  Is  sprayed  onto  tho  model.  Indication  of  tho  state 
of  tho  boundary  layer  is  thon  shown  hy  tho  different  rates  of  sublimation  of  the 
solid  deposit  in  different  flow  regimes. 


In  practice  kerosene  works  well,  and  this  gives  the  advantage  thut  various  distillation 
fractions  can  be  used  as  required. 
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Azobenzene  has  been  generally  used  in  continuous  supersonic  tunnels,  and  more  rapid 
indicators  like  acenaphthene  and  hexachiorethane  have  been  used  in  transonic  and 
intermittent  tunnels.  Acetone  or  petroleum  ether  are  suitable  solvents. 

These  sublimating  solids  as  well  as  some  others  like  diphenyl  are  toxic  substances 
and  precautions  must  be  taker,  during  application  to  avoid  ingestion  and  contuct  with 
the  skin. 

A  list  of  alternative  materials  is  given  in  Koierence  II. b. 
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PART  II'..  SMOKE  TECHNIQUES  FOR  USE  IN  LOW  SPEED  WIND  TUNNELS 
R. L.  Mai  thy  and  R.F.  A.  Keuting 


III. I  INTRODUCTION 

Sitoko  tunnels,  which  are  wind  tunnels  designed  exclusively  for  flow  visualization 
tests  using  smoke,  can  give  unrivalled  plantations  of  the  entire  flow  field  around 
u  model.  These  wind  tunnels  operate  at  very  low  speeds  and  elaborate  precautions  are 
taken  to  achlove  a  non-turbulent  flow  so  that  the  smoke  stroems  which  are  introduced 
in  front  of  the  model  remain  clearly  defined.  Because  the  Reynolds  numbor  available 
is  necessarily  very  low,  smoke  tunnels  are  of  limited  value  for  Investigating  flow 
separation  phenomena. 

Full  and  detailed  descriptions  of  this  specialized  technique  are  glvon  in 
References  HI.  1.  III. 2  and  III. 3  and  the  presont  paper  will  deal  specifically  with 
the  use  cf  smoke  in  ordinary  low-speed  wind  tunnels. 

The  choice  of  a  suitable  smoke  is  not  easy,  for  it  should  be  dense  and  white,  non- 
toxic  and  non-corrosive  as  well  as  no.n-cluggitig  and  non-condensing.  It  must  be  safe 
and  olMile  to  generate  and  must  not  issue  into  the  airstreaa  with  sufficient  velocity 
to  disturb  the  experimental  conditions.  It  should  be  noted  that  many  types  of  chemical 
smoke  generator  designed  for  signalling  and  for  military  purpoae*  are  corrosive  and 
contain  tot to  orannic  dy»«  Their  use  Is  not  recosaeuded  in  a  confined  space  although 
there  may  be  no  suitable  alternative  when  very  Urge  volumes  of  satike  arc  required. 

In  such  cases  adequate  protection  for  the  observer*  must  be  provided. 

All  smoko  techniques  depend  on  the  quality  of  thu  lighting  available  in  the  wind 
tunnel;  in  fact  it  Is  not  unusual  for  smoke  patterns  which  are  Invisible  In  general 
II tilting,  to  reveal  important  details  of  the  flow  dieri  properly  lit  (Pig.  III. 29). 

If  the  smoke  pattern  has  to  be  photographed  the  problem  of  lighting  becomes  oven  more 
important  and  cam  -rust  always  bo  taken  to  ensure  that  the  best  illumination  is 
available  in  each  set  of  circumstances. 


III. 2  OIL  KMOKK 

The  ao.V.  common  method  of  obtaining  smoke  for  Ji'nd  tunnel*  is  hy  the  vaporization 
of  a  mineral  oil  such  as  kerosene.  An  apparatua  designed  to  produce  a  substantial 
quantity  of  kernaene  smoke  is  described  in  detail  ir.  References  III.  A  and  III.  5.  011 

supplied  from  a  reservoir  is  boiled  in  a  glass  tube  which  is  heated  electrically. 

The  vapour  Issues  from  a  small  orifice  at  the  end  of  the  lube  wher*  It  meets  streams 
of  air  entering  from  the  sides  of  a  mixing  vessel  forming  a  dense  white  amok*.  The 
£ooke  is  then  fed  to  the  wind  tunnel  working  section  through  tubes. 

The  kerosene  smoke  is  non-corroM ve  and  non-toxic  although  there  Is  some  risk  of 
fire  or  explosion  if  the  genPrntt  r  is  mishandled.  The  smoke  leads  to  condense  on  the 
walla  of  tube*  conveying  U  to  the  model  and.  If  the  geneiwter  ■aarvol  be  placed  close 
to  the  model,  the  vniu.ie  of  smoke  emitted  may  be  aUappolnllrg.  The  apparatus 
becomes  messy  to  handle  unless  it  Is  quite  free  from  leaks  a»d  the  smell  cf  a  large 
concentration  of  smoke  !»  unpleasant. 
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A  particularly  compact  and  reliable  oil  smoke  generator  (Pig. Til. 30)  has  been 
developed  in  the  Mechanical  Engineering  Laboratories  at  Cambridge  University.  This  is 
a  self-contained  unit  to  supply  a  small  smoke  tunnel  and  it  incorporates  a  blower 
from  a  hair  dryer  to  provide  its  air  supply. 

Small  amounts  of  kerosene  smoke  can  be  generated  at  the  surface  of  a  wing 
(Ref. III. 6).  An  asbestos  pad  soaked  in  kerosene  is  set  into  the  surface  of  the  wing 
and  is  heated  electrically  so  that  smoke  can  be  generated  at  the  points  of  interest. 
For  instance,  it  can  be  produced  along  a  spanwise  line  and  can  be  used  to  give  an 
overall  indication  of  boundary  layer  transition. 


III.  3  a  -  BROMONAPHTH ALENE  MIST  (C'10  H,  Br). 

Snoke  techniques  are  reasonably  simple  to  operate  at  low  wind  speeds  but  there  is 
always  difficulty  in  producing  sufficient  smoke  to  be  visible  at  higher  speeds.  In 
the  course  of  research  on  axial  compressors  at  the  National  Gas  Turbine  Establishment, 
a  special  technique  was  required  to  make  the  flow  visible  at  about  500  f.p,  s. 

(Ref.  Ill,  7).  A  study  of  the  ‘apparent  luminosity’  of  mists  composed  of  refracting 
droplets  (Pig.  III.  31)  showed  that  a  tenfold  improvement  could  be  obtained  over 
kerosene  smoke  if  a  mist  with  a  refractive  index  about  I.C5  can  be  used. 

a  -  bromonaphthalene  mist  has  a  suitably  high  refractive  index  and  an  apparatus, 
similar  in  principle  to  the  oil  smoke  generator,  has  been  designed  to  produce  it. 

The  temperature  of  the  vapour  needs  careful  control  and  an  elaborate  boiler  is 
required. 

Satisfactory  photographs  have  been  taken  at  500  f.p.s.  with  a  high  intensity  argon 
discharge  light  source. 

a  -  bromonaphthalene  and  similar  compounds  are  toxic  substance*  and  the  mist  must 
not  be  inhaled. 


III.  4  TITANIUM  TETRACHLORIDE  (TiCl„) 

Titanium  tetrachloride  (Titanic  chloride)  is  a  liquid  which,  in  the  prosenoe  of 
moist  air,  produces  dense  white  fumes  consisting  of  titanium  dioxide  and  hydroohlorlo 
acid.  The  fumes  are  therefore  highly  oorrosive  and  irritant. 

Despite  these  serious  disadvantages,  titanium  tetrachloride  is  frequently  used  when 
a  smoke  trace  is  required  with  the  minimum  of  preparation.  The  liquid  is  mixed  with 
an  equal  quantity  of  carbon  tetrachloride  (O  Cl B)  to  minimise  the  formation  of  solid 
deposits.  It  can  be  applied  to  the  surfaces  of  models  in  drops  or  streaks  hy  means 
of  a  glass  rod  dipped  in  the  mixture.  A  stream  of  smoke  issues  from  tho  droplets 
until  they  have  completely  evaporated  leaving  a  solid  doposit  on  tho  model.  Finely 
detailed  smoke  pattorns  are  easily  obtained  in  suitable  lighting;  for  example 
Figure  111.20(a)  and  111.20(b)  show  the  coiling  up  of  the  vortex  sheets  springing 
from  the  separation  at  the  edge  of  a  slender  delta  wing.  In  Figure  111.29(a)  the 
vortex  core  is  well  defined  but  in  Figuro  111.29(b)  the  model  has  boon  yawod  and  the 
flow  in  the  vortex  core  breaks  down. 
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A  continuous  stream  of  smoke  can  be  obtained  by  using  th<-  simple  apparatus 
illustrated  in  Figure  III. 32.  Air  is  blown  gently  through  a  bottle  containing  a 
mixture  of  titanium  tetrachloride  with  carbon  tetrachloride  and  the  fumesare  delivered 
through  a  glass  tube  to  the  model.  There  is  a  tendency  for  a  solid  deposit  to  form  at 
the  nozzle  which  quickly  blocks  the  flow  unless  it  is  cleared  frequently. 

Titanium  tetrachloride  smoke  is  only  suitable  for  very  low  wind  speeds  of  the  order 
of  5  f.p.s. 


III. 5  WATER  VAPOUR 

If  the  relative  humidity  of  the  air  in  a  wind  tunnel  is  high  the  water  vapour  will 
condense  in  areas  where  there  is  sufficient  drop  in  temperature.  This  sometimes 
occurs  near  the  cores  of  the  vortices  from  the  edges  of  a  slender  wing  and  it  Rives  a 
clear  indication  of  the  vortex  paths  (Fig.  III.  33).  The  process  can  be  encouraged  Uy 
throwing  water  into  the  wind  tunnel  settling  chamber  bofore  the  test.  The  tubular 
appearance  of  the  vapour  in  Figure  111.33  Is  discussed  in  Section  111.9. 

Water  introduced  into  high  velocity  Jets  issuing  from  a  wing  in  an  alrstream  will 
atomise  into  a  mist  whioh  can  be  used  to  truce  U*u  paths  of  the  Jets. 


III. 6  SOAP  BUBBLES 

Although  a  stream  of  soap  hubbies  can  hardly  bn  described  as  a  smoke.  It  is 
convenient  to  mention  the  sethod  here  sinco  it  performs  a  similar  Mnotlon.  The 
bubbles  can  be  produced  from  a  mixture  of  a  liquid  synthetic  detergent  (such  es 
“Teepol*)  and  glycerine.  A  piece  of  wire  bent  to  form  u  H  inoh  diameter  circle  with 
a  handle  is  dipped  into  the  mixture  and  is  then  held  in  a  slow  alrstream.  The  wind 
speed  (s  carefully  adjusted  so  that  a  stream  of  bubbles  forms  from  the  liquid  film 
on  the  wire  and  can  be  made  to  flow  over  e  model  for  a  few  seconds.  If  they  are 
illuminated  by  a  spotlight  from  further  downatream  ami  photographed  with  •  long 
exposure,  the  paths  of  the  bubbles  will  tppear  as  white  lines.  Figure  III. 34  Illus¬ 
trates  the  flow  over  e  sharp-edged  delta  wing  using  this  method. 

A  soap  solution  can  sometimes  be  used  to  locate  areas  of  separated  flow  at  high  wind 
speed  by  feeding  it  through  tubes  leading  to  holes  in  the  model  used  for  pressure 
plotting.  Bubbles  will  form  on  the  surface  and  will  be  blown  away  except  when  they 
form  at  holes  In  a  region  of  separation.  In  such  a  region  they  will  congregate  and 
mark  the  area  of  zero  velocity. 
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III. 7  VAPORIZED  RESIN  SMOKE' 

A  compact  electrically  fused  pyrotechnic  generator  (Pig. III. 35)  which  produces  a 
dense  stream  of  white  smoke  has  been  developed  especially  for  use  in  wind  tunnels  up 
to  a  speed  of  about  50  f.p.  s.  The  smoke  is  non-toxic,  non-clogging,  has  an  in¬ 
offensive  odour  but  is  slightly  corrosive  to  bare  steel.  The  composition  of  the 
contents  of  the  generators  has  not  been  divulged  by  the  manufacturers  but  it  is 
believed  to  be  based  on  the  vaporization  of  a  resin.  Some  ammonium  chlorate  is 
present,  and,  since  this  is  an  unstable  substance,  the  generators  must  be  stored  away 
from  heat. 


III. 8  SMOKE  PROM  CELLULOSE  MATERIALS 

The  smokes  from  smouldering  cellulose  materials  such  as  wood,  tobacco  or  paper  have 
been  in  use  for  many  years  and  they  offer  one  of  the  simplest  methods  of  producing 
large  quantities  of  smoke  for  Ions  periods  with  a  simple  control  of  volume.  These 
smokes  tend  to  contain  large  quantities  of  tarry  matter  which  may  be  deposited  on  the 
surfaces  of  the  model  and  the  wind  tunnel  unless  they  are  previously  filtered  out. 
Unfortunately  the  volume  of  smoke  is  much  reduced  by  such  filters  because  the 
visibility  of  the  smoke  relies  on  the  presenoe  of  water  droplets.  Furthermore  the 
products  of  combustion  of  cellulose  materials  can  contain  a  substantial  proportion  of 
carbon  monoxide  and  o are  aust  be  taken  to  onsure  that  the  atmosphere  in  the  laboratory 
is  not  contaminated  to  a  dangerous  level. 

Snouldering  paper  produces  a  very  dense  smoke  without  an  excessive  amount  of  tarry 
matter  if  the  burning  conditions  are  carefully  controlled.  A  suitable  saoke  generator 
la  illustrated  in  Figure  III. 38  with  whloh  rolls  of  paper  towelling  are  used  ss  fuel. 

It  consist*  of  two  substantial  steel  cylinders  13  in.  high,  one  of  13  in.  diameter, 
the  ooabustlon  chamber,  and  another  of  8  in.  diameter  which  is  a  separator  to  remove 
the  less  volatile  products  of  combustion.  Both  cylinders  are  fitted  with  lldi  whloh 
are  bolted  down  firmly  to  make  a  good  seal. 

The  combustion  ihasber  is  fitted  with  an  air  supply  pipe  at  the  bottom  and  also  a 
plug  through  which  the  paper  is  ignited.  Inside  the  chamber,  the  air  supply  pipe  is 
divided  Into  three  smaller  pipes  arranged  to  distribute  the  incoming  air.  The 
separator  is  connected  to  the  oombustlon  chamber  by  a  large  pipe  which  is  easily 
accessible  for  cleaning.  The  saoke  supply  pipe  to  th*  tunnel  is  cmumntnd  to  the  top 
of  the  separator. 

ft  la  Important  to  keep  the  temperature  of  combustion  ton  in  order  to  mlnlalse  the 
amount  of  tar  produced  and  to  extend  the  duration  of  the  smoke  production.  The  correct 


*  Vaporised  resin  saoke  seceratora  are  marketed  as  Srooki  shite  Smoke  decorator'  Ket.SSS  or 
tl20,  the  number  in  the  reference  Iwllcatlss  the  time  of  bunilug  Is  seconds.  They  say  be 
obtained  from: 

(trucks  Fireworks  Co.  Ltd.. 
tUmsl  Hempstead, 

Uertfordahlre, 

Ihxlaad. 
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burning  rate  is  achieved  by  making  the  paper  slightly  damp  before  loading.  About 
2 lb.  of  paper  packed  loosely  into  the  combustion  chamber  oim  be  made  to  provide  a 
dense  smoke  for  40  mins. 

To  assess  the  risk  from  carbon  monoxide  poisoning  from  this  smoke  the  following 
measurements  have  been  made  in  the  13  x  9  ft  Low  Speed  Tunnel  at  R.A.E.  Bedford. 

This  tunnel  has  the  unusually  large  internal  volume  of  700,000  cu.  ft  and  concentrations 
in  smaller  tunnels  might  be  expected  to  be  correspondingly  greater. 

CO  content  of  smoke  issuing  from  generator  2. 5% 

CO  content  of  air  in  working  seotion  after  burning 

0  lb.  paper  0.01% 

CO  content  of  air  in  working  section  after  burning 

10  lb.  paper  0.025 

CO  concentration  locally  in  control  room  at  the 

some  time  0.02% 

CO  concentrations,  locally  for  short  times,  in 

working  s-nstion  up  to  0.06% 

The  toxio  effect  is  based  on  the  great  affinity  of  haemoglobin  in  the  blood  for 
carbon  monoxide.  Very  low  concentrations  in  the  atmosphere  will  markedly  reduce  the 
oxygen  dissociation  rate  and  the  capacity  of  tho  blood  to  oarry  oxygen.  The  oarbon 
monoxide  can  only  be  displaced  slowly  hy  oxygen  in  a  pure  atmoiphere.  so  that  the 
effects  of  breathing  a  contaminated  atmosphere  for  infrequent  ahort  periods  over 
several  days  are  cumulative.  The  following  table  gives  an  indication  of  the  effeots 
of  various  concentrations; 

0,01%  Uo  appreciable  effect  after  prolonged  exposure 

0,03%  Slight  discomfort  (e.g.  headache)  after  a  fee  hours  exposure 

0. 16%  Dangerous  after  1  hour  exposure 

0.4%  Fatal  after  lxaa  than  1  hour  exposure. 

tt  is  clear,  therefore,  that  it  la  necessary  to  provide  good  ventilation  In  the 
rooms  surrounding  the  wind  tunnel  end  to  maintain  a  constant  circulation  of  air  In 
the  tunnel  when  attending  to  the  model  since  there  Is  reason  to  believe  that  low 
chronic  toxicity  should  be  avoided  as  well  as  the  obvious  scuts  poisoning  hasard. 

The  carbon  aonoxlds  contamination  of  the  atmoaphere  can  be  seasured  with  a  staple 
commercial  instrument  based  on  the  discoloration  effect  on  Potasslua  Pallado-flulphlte. 


Ilt.S  BROKE  VISUALIZATION  OF  VORTEX  TVPK  EDGE  SEPARATIONS 
III. 9. 1  The  feohe  Tube  method 

Experience  haa  shown  that  the  vortex  type  separations  from  hlghtly  swept  <<dges  can 
be  Investigated  hy  woke  visualisation  techniques  up  to  unsxpsctedly  high  speeds 
(Ref. III. 8).  The  marked  inward  radial  component  of  velocity  In  the  region  of  the 
vortex  core  concentrates  smoke  from  the  field  Into  a  wall  area  ao  that  It  hi  not 
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quickly  diffused  as  it  would  be  in  other  types  of  flow.  Figure  III.  37  illustrates  the 
characteristic  tubule*  smoke  pattern  in  the  path  of  a  vortex  above  an  A  =  1  delta 
wing  at  a  wind  speed  of  180  f.p.s.  using  paper  smoke. 

A  simple  theory  for  the  fora  of  the  'smoke  tube’  can  be  derived  from  Hall’s  theory 
for  the  structure  of  the  outercore  of  the  vortex  given  in  Reference  III. 9.  Consider 
the  forces  in  the  cross- flow  plane  acting  on  a  single  -•.oke  particle  when  it  is  in  the 
neighbourhood  of  the  vortex  core.  Since  i*  is  in  a  rotating  flow  it  will  experience 
a  force  away  from  the  centre  which  will  be  opposed  by  a  drag  force  arising  from  the 
radial  velocity  of  the  air  and  the  radial  component  of  the  velocity  of  the  particle 
relative  to  the  vortex  core.  Forces  due  to  the  radial  pressure  gradient  and  the 
xad^l  acceleration  of  the  particle  will  also  occur  but  those  are  negligibly  small 
for  the  microscopic  particles  considered.  An  equllibriun  will  be  reached  at  a  radius 
from  the  vortex  core  where  the  resultant  force  in  the  plane  is  zero. 

Hall  gives  the  following  expressions  for  the  relationship  between  threo  components 
of  velocity  in  the  outercore: 
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is  the  free  stream  velocity 

are  the  axial,  circumferential,  and  radial  components  of  velooity 
is  the  distance  from  the  wing  epex 
is  the  radius  from  the  centre  of  the  core 
ie  a  constant. 


The  centrifugal  force  on  a  smoke  particle  ia  given  hy 
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it  the  density  of  a  amok*  particle 
nd  n  is  the  viscosity  of  the  air. 

For  equilibrium,  when  r  becomes  the  radiue  of  the  smoke  tube. 
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Is  a  constant  of  integration 

is  the  Reynolds  Number  based  on  distance  from  the  apex 
is  the  density  of  tho  air. 


In  order  to  check  this  result  some  tests  were  made  with  paper  smoke  on  an  A  = 


delta  wing  for  which  values  for  K4 


had  previoualy  been  measured. 


1 

The 


smoke  tube  radius  was  measured  over  a  range  of  conditions  and,  assuming  the  smoke 
particles  had  the  same  density  as  water,  the  radius  of  the  saoke  partloles  was 
calculated.  The  resulting  value  for  r#  of  1.2  x  10"'  in.  compared  reasonably  well 
with  values  from  electron  microscope  measurements  which  range  from  1.8  to  4  a  io~*  in. 
(The  eleotron  microscope  gave  similar  values  foriBrook's  Rosin  Saoke.  1 


In  the  conditions  of  these  tests 


radius  and  Equation  (XIX. 1)  could  be  written 


was  negligibly  small  at  the  equilibrium 


r»  =  lr  ’  & 
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This  implies  that  the  inflow  velocity  of  the  air,  •  ,  is  small  oompmrsd  with  the 
outflow  velocity  of  the  particles  near  the  oentre  of  the  core.  tTirtber  out,  howsvsr, 
the  force  due  to  the  Inflow  velocity  dominates  the  centrifugal  effects  and  amoks 
particles  originating  over  a  vide  ares  art  drawn  towards  the  centre.  Th»ro  la  an 
intermediate  region  where  the  nett  inmard  force  is  small  and  a  partlole  will  approach 
the  equilibrium  position  slosly  along  a  spiral  path.  Flgurs  111.29(a)  «hoes  that 
particle  paths  make  several  turn*  of  a  spiral  before  approaching  closely  to  a  tubular 
uyaptots,  covering  an  appreciable  proportion  of  the  chord  in  the  process. 


It  la  Important  to  note  that  thtsa  particle  paths  are  not  streamlines  since  there 
la  always  as  appreciable  relative  velocity  batweeo  Uie  air  and  the  particles  In  the 
crow-floe  plane. 


The  effect  of  tho  flow  field  in  concentrating  the  amcka  into  a  small  area  allows 
Instantaneous  photographs  to  ba  takso  of  tht  transient  behaviour  of  the  vortex  core  at 
reasonably  high  Reynolds  ftuabers.  Figure  111.38,  for  instance,  is  a  mllli-accood  flash 
photograph  Illustrating  tbs  spiral  nature  of  vortax  breakdown  at  Rf  -  4  >  10*. 


III. 9.X  The  ‘Smoke  Screes'  Technique 

The  other  smoke  technique  to  bo  developed  for  Investigating  the  structure  of  vortex 
type  xeparationa  (Ref. III.  10)  Is  know  at  the  ssoke  screen  technique  because  of  Its 
superficial  similarity  to  the  vapour  screw  technique  (see  Part  IV)  used  In  mipertonie 
tunnels  for  ths  same  purpose. 
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Smoke  from  a  vaporised  resin'  generator  or  other  large  volume  device  is  Introduced 
at  the  front  of  the  wind  tunnel  working  section  in  line  with  the  -nodel  (Fig.  III.  39) 
so  that  a  broad,  diffused  stream  of  smoke  is  allowed  to  flow  over  the  model.  One  or 
more  light  sources  with  vertical  slits  are  arranged  so  that  planes  of  light  normal  to 
the  air  stream  illuminate  cross-sections  of  the  stream  of  smoke. 

If  the  position  of  the  smoke  stream  is  carefully  adjusted  in  relation  to  the  model, 
it  will  bo  drawn  into  the  coiling  vortex  sheets  and  reveal  ;helr  position  and  general 
shape  (Pig. III. 41). 

Figure  III. 42  illustrates  the  use  of  two  light  sources  to  show  the  development  of 
vortex  flow  over  a  narrow  rectangular  plate  set  at  a  large  angle  of  incidence  and 
three  angles  of  yaw.  The  photographs  are  taken  obliquely  from  behind  (Pig.III.39) 
and  the  details  of  the  vortex  structure  oan  be  seen  in  both  light  planes. 

A  simple  and  effective  light  source  for  use  in  this  technique  is  shown  in 
Figure  III. 40.  A  400W  mercury  vapour  lamp  of  a  type  oommonly  used  in  street  lighting 
is  mounted  vertically  in  a  box  containing  a  cylindrical  reflector  and  three  cylindrical 
Perspex  (Plexiglass)  lenssa.  An  adjustable  alit  is  provided  at  the  front  of  the  box 
and  a  small  amount  of  cooling  air  is  direr  .ad  at  the  lump  and  Urn  adjacent  lens. 

The  lamps  are  intended  to  operate  in  conjunction  with  a  choke  which  limits  the 
current  to  about  3  amps  and  gives  a  continuous  output  of  13,600  lumens.  It  has  been 
found,  however ,  that  they  till  operate  satisfactorily  for  pw  ioda  of  about  5  seconds 
with  &  current  of  20  naps.*  This  gives  a  large  but  somewhat  variable  increase  in 
light  output  which  facilitates  photography. 

This  must  be  does  with  caution  since  failure  of  the  lamp  oausea  the  glass  envelops 
to  explod*  with  sufficient  force  to  seatter  hot  glass  fragments  around  th*  laboratory. 
Furthermore,  in  the  overrun  stats,  ths  lamp  is  said  to  produce  s  high  intensity  or 
ultra-violet  light  which  can  damage  the  eyes. 

A  similar  arrangement  using  a  1  Intar  flash  tub*  can  be  used  *h*n  vary  short  ex¬ 
posure  times  are  needed.  Figure  III. 43  is  a  flash  photograph  of  the  now  in  a  plane 
behind  the  trailing  edge  of  a  todel  with  e  highly  swapt  wing.  It  will  be  noted  that, 
although  Ui*  pair  of  counter-rotating  vortices  froa  the  wing  tips  are  clearly  visible, 
there  is  also  a  confusing  texture  in  the  naokt  caused  by  the  disturbances  originating 
at  the  generator.  The  other  photographs  era  from  exposures  of  the  order  of 
1/iOth  second  and  at  this  speed  the  randoa  movements  of  tht  amoks  are  not  visible. 

In  Interpreting  the  pattern*  U  aust  b*  remembered  that  lh*  outer  boundari**  of 
the  smoke  are  deteralced  by  the  else  of  the  smoke  stress  and  its  placing  relative  to 
the  model.  The  fine  stricture  must  bo  deduced  from  Ut*  distribution  uf  the  masses  of 
smokt,  their  sense  of  rotation  and  the  situations  within  then,  fbr  example,  in 
Figura  III. 42,  the  structure  of  tht  coils  and  tba  positions  of  the  centres  of  rotation 
can  be  discerned,  but  the  overall  sixes  of  the  masses  of  smoke  are  not  necessarily 


*  I,  th*  choke  I*  replaced  hr  a  series  resistance  of  about  JS  oha»  (for  a  240V  supply)  Hie 
lup  eill  operate  normal ly  eltb  a  consumption  of  3  aape.  The  overload  current  can  be 
attained  tty  aborting  out  aa  appropriate  proportion  of  the  reel  stance. 
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significant.  This  difficulty  is  resolved  by  observing  the  patterns  during  the  test 
or  hy  making  cine  records.  As  pointed  out  in  Section  III. 9.1,  the  coiled  structure 
of  the  smoke  indicates  the  surfaces  formed  by  the  coiling  particle  paths  rather  than 
the  stream  surfaces. 

Figures  III.  44  and  III.  45  give  examples  of  the  use  of  the  technique  in  studying 
the  flow  over  a  slender  wing.  The  development  of  the  vortex  system  is  traced  from 
a  plane  near  the  apex  of  the  wing  to  one  several  chords  downstream. 
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PART  IV.  DEVELOPMENT  OF  THE  VAPOUR  SCREEN  METHOD 
OF  FLOW  VISUALIZATION  IN 
A  3  FT  *  3  FT  SUPERSONIC  TUNNEL 

I.  McOreeor 


IV. 1  introduction 

Use  has  occasionally  boon  made  of  the  so-called  'vapour  screen'  method  of  flow 
visualization  in  supersonic  wind  tunnels  (Refs. IV.  1  to  IV.  5  for  example).  The 
principle  of  the  method  is  very  simple.  The  tunnel  is  run  with  moist  sir.  and  as  the 
air  expands  through  the  supersonic  nozzle  into  the  working  section  it  cools,  and  the 
moisture  condenses  out  to  fora  a  fog.  This  is  then  illuminated  by  a  narrow  beam  of 
light  perpendicular  to  the  axis  of  the  tunnel.  Any  disturbance  in  the  cross-flow 
plane,  such  .as  that  caused  by  a  model  at  incidence,  disturbs  the  uniform  distribution 
of  fos  particles  in  tho  plane  of  the  vapour  screen,  and  hence  the  amount  of  light, 
scattered  by  the  fog.  In  particular,  wakes  and  vortices  from  wings  and  bodies  appear 
as  dark  holea1  in  the  screen.  However,  very  little  infometior  has  hitherto  been 
availehle  concerning  such  sspeots  of  technique  as  the  humidity  required  to  produce  s 
satisfactory  screen  st  different  Uach  numbers  snd  ho*  thin  is  influenced  tty  such 
factors  ss  tunnel  pressure  snd  temperature,  or  of  the  effects  of  the  condensing  vapour 
on  the  flow  in  the  corking  section. 

This  psper  describes  an  investigation  made  in  the  3  ft  *  3  ft  supersonic  tunnel  st 
the  Royal  Aircraft  Establishment.  Bedford,  to  cxemine  the  suitability  of  the  method 
for  providing  Information  concerning  the  structure  of  separated  floe  areas  near  wind 
tunnel  models.  The  investigation  included  the  development  of  s  technique  which  pro¬ 
vided  an  improved  resolution  of  detail  over  s  range  of  Mach  numbers. 


IV. I  EXPERIMENTAL  EQUIPMENT 
IV.  M  The  Mind  Tommel 

The  1  ft  •  3  ft  tunnel  Is  described  In  Reference  IV.6,  but  s  brief  drscriptioa  is 
given  here  since  certain  aspects  of  its  design  are  important  in  connection  with  the 
vapour  screen  technique.  The  tunnel  Is  continuous  running,  with  s  working  section 
3  ft  square,  end  supersonic  Nsefa  numbers  between  1.3  and  3.0  are  generated  by  a  aeries 
of  interchangeable  block*  that  form  a  single-sided  tussle  upstream  of  the  working 
section.  The  tunnel  is  driven  by  two  centrifugal  compressors  in  series.  The  total 
presses  w  h*  varied  b.tween  3  in.  and  CO  In.  of  Hg  by  means  of  s  cempressor- 
evseestor  rc.i.  fnol’r.i  arr-neements  consist  of  (a)  an  intercooler  bmteeen  the  two 
compressor  stages,  and  (b)  an  sftercooler,  with  a  rather  greeter  capacity  than  the 
Intercooler,  situated  in  the  maximum  section  of  the  tunnel  immediately  before  con¬ 
traction.  The  flow  of  water  through  the  intercooler  is  continuously  variable,  but 
only  coarse  control  of  the  sftercooler  is  possible.  D./Ing  of  the  sir  in  the  tunnel 
Is  effected  by  by-psssing  s  fraction  of  the  sir  through  driers  charged  with  eillca-gel 
which  are  connected  across  the  second  stage  of  the  compressor.  The  quantity  of  sir 
passing  through  the  driers  Is  controlled  by  e  motorised  flap  valve,  and  with  the  driers 
in  reasc.nahlv  cnod  «vidni<>n  t  husidity  corresponding  in  •  frost-point  of  about  -40°C 
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is  obtained  after  10  to  15  minutes  running.  The  total  volume  of  the  tunnel  Is 
approximately  45.000  ft3,  and  this  humidity  represents  about  0.3  lb  of  water  vapour 
remaining  in  the  tunnel  circuit. 


IV. 2. 2  Optical  System 

It  was  considered  that  to  produce  a  good  vapour  screen  picture  the  illumination 
system  should  provide  a  beam  of  light  that  was  (a)  as  Intense  as  posstblo.  (b)  narrow, 
with  little  variation  in  width  across  the  working  section,  and  (cl  sharp-edged,  with 
a  minimum  of  stray  light  entering  tho  tunnel. 

The  light  source  selected  was  a  1000  wntt  high  pressure  mercury  vapour  lamp  with  an 
effective  length  of  7.5  in.  and  an  external  diameter  of  approximately  0.5  In.  The 
problem  was  to  produce  a  beam  of  light  that  would  satisfy  *hu  above  requirements. 

The  simplest  arrangement  -  a  slit  with  the  lamp  behind  It  •  was  rejected  on  the 
grounds  that  to  produce  a  suitable  beam  would  have  entailed  placing  the  lamp  \t  least 
2  ft  behind  the  slit,  and  this  would  cause  an  excessive  loss  of  illumination.  A 
system  using  cylindrical  lenses  was  next  examined,  but  it  was  considered  that  the 
Intensity  of  illumination  would  not  be  materially  better  than  that  given  by  a  staple 
slit  when  the  beam  wag  satlafartory  In  other  respects. 

The  arrangement  finally  adopted  made  use  of  one  of  the  mirror*  from  the  tunnel 
Sehlleren  system,  and  proved  to  he  very  effective,  ft  is  shown  In  Figure  IV.  46.  The 
32  In.  diameter  concave  mirror  with  a  focal  length  of  4  metre#  wag  ug«d  to  produce  an 
Image  of  the  light  source  in  the  centre  of  the  working  section.  To  reduce  the  width 
and  lateral  spread  of  the  beam,  a  slit  0. i  in.  wide  was  placed  Ju#t  In  front  of  the 
lamp  and  the  side*  of  the  mirror  masked,  leaving  an  effective  area  of  mirror  32  In.  « 

10  in.  This  arrv.gewit  produced  a  sharp-edged  beam  of  light  approximately  0.15  In. 
wide  by  3  In.  high  tn  the  -entre  of  the  working  section,  noth  the  height  anti  sidih  of 
the  beam  increased  slightly  away  from  the  centre  line,  but  even  at  the  window#  Un 
width  of  the  beam  was  only  about  0.5  in.  No  measurement  of  the  beam  intensity  in 
absolute  terms  was  attempted,  but  a  simple  comparative  test  with  a  photographic 
exposure  meter  Indicated  that  at  the  centre  of  the  tunnel  the  intensity  of  illumination 
was  comparable  with  that  of  direct  sunlight. 

It  was  not  feasible  to  move  the  slrror  backwards  and  forwards  to  track  the  beam  of 
light  alund  the  working  section;  this  was  accomplished  by  rotstlng  the  mirror 
about  its  vertical  axis.  As  a  result,  the  beam  #p  perpendicular  to  the  centre  line 
of  the  tunnel  in  only  one  position,  but  tbe  aaxiaum  deviation  of  the  beam  from  the 
perpendicular  did  not  exceed  2°. 

IV.  t.  3  t autographic  Iquipacnl 

The  easiest  way  u>  photograph  the  vapour  screen  is  obviously  from  tbe  side  of 
She  tunnel.  However,  whilst  this  is  adequate  for  some  purposes,  the  screen  In 
Inevitably  viewed  at  an  appreciable  ancle,  and  it  Is  difrirolt  to  locate  the  position 
of  any  vortices  that  may  be  present  relative  to  th"  model.  It  is  also  unsuitable 
i?  the  flow  over  the  surface  of  a  wing  Is  being  studied.  For  thor.t  reasons  it  was 
decided  to  photograph  the  screen  from  directly  downstream  (kefs.  IV.  4  suid  IV. 5). 

A  remotely  controlled  comers  was  used,  mounted  at  the  root  of  the  model  sling 
support.  The  camera  which  was  drtvcu  by  r footwork,  gwvt  negatives  wpprvtimsf civ 
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1  in.  square  on  standard  35  mm  film.  The  shutter  was  operated /by  a  solenoid  mounted 
alongside  the  camera,  but  it  was  not  possible  to  alter  the  focus  from  outside  the 
tunnel. 

i 

The  wing  of  a  model  remote  from  t.he  'light,  source  is  in  a  shadow  cast  by  the  sting 
or  body,  so  that  in  general  it  is  necessary  for  the  field  of  view  of  the  camera  to 
contain  only  the  body  and  the  wing  panel  nearer  the  light  source.  Hie  camera  was 
therefore  fitted  with  a  telephoto  lens  of  7.5  cm  focal  length,  which  gave  a  field  of 
view  approximately  10  in.  square  at  a  position  corresponding  to  the  trailing  edge  of 
a  typical  3  ft  tunnel  model,  and  the  camera  was  mounted  at  a  small  angle  to  the  centre 
line  of  the  sting  to  enable  the  wing  tip  of  the  largest  model  to  be  included  in  the 
picture. 

The  camera  and  its  operating  solenoid  were  housed  in  a  cowl  constructed  from  brass 
sheet,  with  a  plate  glass  window  0.25  in.  thick  to  protect  the  lens.  However,  this 
cowling  caused  considerable  blockage  and  it  proved  impossible  to  start  the  tunnel  at 
M  =  1.3,  hut  no  trouble  was  experienced  at  higher  Mach  numbers. 


IV. 3  EXPERIMENTAL  TECHNIQUE 
a  .  3. 1  Humidity  Control 

In  Reference  IV.  3,  condensation  in  the  working  section  was  brought  about  by  running 
the  tunnel  with  atmospheric  air  without  any  drying.  The  quantity  of  water  contained 
in  such  air  can  vary  very  considerably  from  day  to  day.  and  it  is  necessary  to  bo  able 
to  exercise  careful  control  of  the  humidity  if  optimum  results  are  to  be  obtained. 

The  procedure  evolved  for  the  present  teBts  consisted  of  running  the  tunnel  at  the 
desired  total  pressure  with  the  driers  in  circuit  for  a  period  of  about  15  minutes. 

The  driers  were  then  switched  out,  wid  a  measured  quantity  of  water  injected  into  the 
tunnel.  In  all  the  work  so  far  undertaken  the  tunnel  has  been  run  at  a  total  pressure 
below  atmospheric,  and  the  water  was  simply  sucked  in  through  pressure  tappings  in  the 
tunnel  wall.  In  early  experiments,  water  was  admitted  to  the  maximum  section  of  the 
tunnel  just  before  the  contraction,  but  this  proved  unsatisfactory,  as,  t  t  air  having 
a  low. velocity  there,  water  tended  to  collect  on  the  floor  of  the  tunnel  and  evaporate 
only  slowly,  For  all  subsequent  tests  water  was  admitted  into  the  diffuser,  where 
vaporisation  was  almost  Instantaneous. 

IV. 3. 2  Temperature  Control  *  Effect  of  the  Aftercooler 

For  the  first  few  tests  the  tunnel  was  run  in  the  normal  manner  with  both  the 
intercooler  and  aftercooler  in  oporation.  However,  it  was  found  that  tho  fog  produced 
in  the  working  section  was  extremely  patchy  and  irregular,  some  parts  being  praotloally 
devoid  of  any  condensation,  while  in  others  there  were  streamers  of  thlok  fog.  This 
suggested  that  the  temperature  distribution  aoross  the  working  section  was  uneven,  so 
a  total  temperature  probe  was  constructed  to  measure  tho  distribution.  The  probe, 
which  is  shown  in  Figure  IV. 47,  consisted  cf  a  tube  mounted  aoross  the  centre  of  the 
working  section  with  a  number  of  thermocouples  arranged  along  its  loading  odgo.  The 
result  of  a  typical  ourvey  is  given  in  Figure  IV. 48,  which  shows  a  temperature 
difference  of  some  20°C  between  the  'hotspot’  near  the  oontre  of  tho  tunnol  and  the 
colder  air  at  tho  sidos.  Ovorhaul  of  t.h«  utteroooler  effected  somo  Improvement  In 
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the  temperature  distribution,  hut  only  a  slight  improvement  in  the  distribution  of  fog 
resulted,  and  it  was  considered  to  be  still  far  too  uneven  to  be  acceptable. 

The  effect  of  switching  off  the  aftercooler  was  then  examined.  This  meant  that, 
apart  from  heat  losses  from  the  tunnel  shell,  the  intercooler  alone  was  responoible 
for  cooling,  which  limited  the  power  input  if  overheating  ras  to  be  avoided.  As  a 
result  the  tunnel  could  only  be  run  at  30  to  50%  of  the  maximum  total  pressure.  The 
overheating  problem  was  most  serious  at  the  top  end  of  the  Mach  number  range,  when 
the  mass  flow  of  air  around  the  tunnel  circuit  was  low,  but  the  pressure  ratio  across 
the  compressors  high.  However,  it  was  found  that  this  arrangement  gave  a  perfectly 
uniform  fog  in  the  working  section,  although  It  was  first  necessary  to  wait  until  the 
tunnel  total  temperature  attained  a  reasonably  steady  value.  For  the  first  run  of 
the  day  this  warming-up  period  was  of  the  order  of  an  hour,  but  for  subsequent  runs 
10  to  15  minutes  sufficed.  The  only  disadvantage  was  that,  as  the  intercooler  was 
always  operating  at  or  very  near  maximum  capacity,  it  was  not  possible  to  investigate 
the  effect  of  total  temperature  on  fog  formation. 

IV.  3. 3  Photographic  Details  •  Determination  of  tho  Dptlaum  Fog  Density* 

From  the  photographic  point  of  viaw,  the  optimum  fog  density  is  a  compromise 
betweon  two  conflicting  requirements.  If  the  fog  is  too  thin,  a  long  exposure  time 
is  needed  and  there  is  a  risk  of  light  reflection  from  the  model  and  the  walls  of  the 
tunnel  obscuring  the  low-contrast  vapour  soreen  picture.  On  the  other  hand,  if  the 
fog  is  too  thick,  there  is  excessive  scattering  of  light  by  tho  fog  between  the  plane 
of  tho  vapour  screen  and  the  oaaera  ions  which  results  in  a  very  'grainy*  ploture 
with  blurred  detail. 

A  series  of  tests  was  therefore  carried  out  with  fogs  of  different  densities, 
photographing  the  vapour  screen  picture  produced  by  a  model  at  incidence  over  a  range 
of  exposure  tloos  from  5  to  80  seoa.  The  camera  was  set  an  aperture  of  f/4  and  FP  3 
film  used.  Boot  results  wore  obtained  with  what  appeared  to  be  a  quite  thin  fog  as 
viewed  from  the  side  of  the  tunnel.  The  corresponding  exposure  tine  was  20  sees. 

Light  reflection  from  the  model  was  reduced  by  painting  it  with  camera  blaok  and 
stray  light  entering  the  working  section  was  kept  to  a  minimum  by  masking  the  side 
windows,  leaving  only  a  silt  tide  enough  for  the  main  light  beam  to  enter. 

The  combination  of  long  focal  length  lens  (T. 5  cat)  and  wide  aperture  setting  (f/4) 
resulted  In  a  depth  of  focus  of  only  10.8  in.  at  the  range  normally  used  (3  to  4  ft). 
However,  it  proved  possible  to  take  photographs  with  no  detectable  loss  of  clarity 
2  in.  from  the  nominal  focal  point,  so  the  screen  could  be  photographed  at  axial 
positions  up  to  4  in.  apart  without  the  need  tor  refocusing. 


IV.  4  EXPERIMENTAL  RESULTS  AND  DISCUSSION 
IV. 4. I  Scope  of  Tests 

Tests  were  msde  to  determine  the  quantity  of  water  required  to  produce  «  photo¬ 
graphically  suitable  vapour  screen  at  Naoh  numtiers  between  1.3  and  2.0,  The  effect* 
tf  humidity  on  the  flow  in  the  working  section  were  also  Investigated  mild  measurement 
made  of  the  static  pressure  and  Mach  number. 
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IV. 4. 2  Presentation  of  Humidity  Results 

The  accepted  practice  Is  to  present  experimental  results  for  tunnel  humidity  in  a 
non-dimensional  form,  but  in  this  case  care  is  necessary  if  the  results  are  not  to  be 
misleading.  For  example,  although  stagnation  pressure  was  found  to  have  some  effect, 
the  degree  of  condensation,  and  therefore  of  fog  density,  depends  essentially  on  the 
amount  of  water  present  in  the  tunnel  and  not  on  the  water/air  ratio.  It  is  therefore 
not  relevant  to  express  the  humidity  in  terms  of  lb  of  water/lb  of  air  ( 'absolute 
humidity’),  as  is  normally  done  when  condensation  effects  in  wind  tunnels  are  being 
discussed  and  the  amount  of  heat  given  up  to  the  air  by  the  vapour  as  it  condenses  is 
of  prime  importance.  The  stagnation  relative  humidity  (the  ratio  of  the  actual  vapour 
density  to  the  density  of  saturated  vapour  at  the  same  temperature)  is  independent  of 
stagnation  pressure,  but  is  a  function  of  stagnation  temperature,  so  this  is  also 
unsuitable.  A  parameter  which  avoids  these  defects  is  the  frost-point,  which  defines 
a  unique  relation  between  the  quantity  of  water  vapour  and  the  volume  of  the  tunnel 
which  is  independent  of  stagnation  conditions.  A  curve  showing  the  frost-point  as  a 
function  of  the  quantity  of  water  added  to  the  nominally  ’dry’  tunnel  is  presented 
in  Figure  IV.  49,  This  was  derived  from  data  given  on  p.  2304  of  Reference  IV.  7,  a 
moan  frost-point  for  the  'dry1  tunnel  of  -41°C  having  been  assumed.  A  few  experi¬ 
mental  measurements  are  Included  and  these  show  quite  good  agreement  with  the 
theoretical  curve.  However,  the  quantity  of  water-frost -point  relationship  is 
logarithmic  in  character  and  whilst  very  sensitive  at  low  humidities,  in  the  range  of 
interest  of  these  teste  the  sensitivity  is  only  of  the  orde>-  of  2°C  change  in  frost- 
point  per  pint  of  water  added.  In  view  of  this  fact,  and  of  the  difficulty  of  making 
reliable  frost-point  measurements,  it  was  deoided  that  the  most  straightforward  way 
to  dosoribe  the  humidity  was  directly  in  terms  or  quantity  of  water  added  to  the 
'dry*  tunnel,  but  scales  showing  the  frost-point  or  absolute  humidity  (when  tho 
effects  of  condensation  on  statlo  pressure  and  Mach  number  aro  being  considered)  have 
been  added  to  the  figures  where  appropriate. 

IV. 4. 3  Quantity  of  Water  Retired  to  Produce  a  Satisfactory  Vapour  Screen 

As  described  in  Section  IV.3,3,  the  optimum  fog  donslty  was  found  hy  injecting 
measured  quantities  of  water  into  the  tunnel  and  photographing  the  resulting  vapour 
screen,  examination  of  the  photographs  then  gave  an  optimum  range  of  humidity. 

This  detailed  determination  was  only  oarried  out  at.  two  Mach  numbers,  1.51  and  1.81, 
and  for  other  Mach  numbors  tho  range  of  humidity  over  which  a  satisfactory  scroon  was 
produoed  was  estimated  visually.  The  results  of  these  tests  aro  presented  In 
Figure  IV.  50.  The  results  for  the  various  Mach  numbem  were  not  obtained  at  exactly 
the  aaae  total  pressure  ond  temperature,  hut  aro  substantially  corroct  for  a  value 
of  pt  =  12  In,  H«  and  Tt  45°C  .  (’’he  effects  of  pressure  and  tomperaturo  are 
discussed  below.)  It  must  be  mentioned  here  that  tho  Mach  number  quoted  Is  that 
developed  by  the  nozzle  with  dry  air:  above  about  M  l.C  tliero  In  a  marked 
humidity  effect  nn  the  flow  and  the  actual  Mach  numhor  when  a  vapour  screen  Is 
present  Is  considerably  less  than  with  dry  air. 

Several  points  of  Interest  arise  from  this  ourvn.  the  limits  of  the  humidity 
range  for  a  satisfactory  vapour  screen  aro  u  subjoctive  matter  not  capable  of  proclso 
determine' '"n,  •ven  allowing  for  this,  the  range  of  humidity  over  which  i  satis¬ 
factory  acreen  la  produced  Is  q»lt.o  small;  the  humidity  nt  which  the  fog  density 
tends  to  be  too  thick  Is  only  some  28  to  30T  greater  than  that  whore  it  tond.i  to  bo 
too  thin.  Secondly,  there  Is  the  very  r«pld  Increase  In  humidity  required  u'.  Much 
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numbers  less  than  1.5.  The  quantity  of  water  vapour  required  to  saturate  a  given 
volume  increases  very  rapidly  with  temperature  at  low  temperatures  (Fig.  IV. 51),  and 
the  higher  working  section  static  temperature  at  the  lower  Mach  numbers  is  sufficient 
to  cause  a  large  increase  in  the  humidity  necessary  for  saturated  flow  in  the  working 
section.  It  is  well  known  that  a  considerable  degree  of  supersaturation  is  necessary 
to  cause  condensation  in  a  supersonic  nozzle,  so  a  curve  has  been  added  to  Figure  IV. 50 
which  shows  the  quantity  of  water  required  to  produce  a  fifteen- fold  supersaturation 
in  the  working  section  at  a  total  temperature  of  45°C,  the  assumption  being  made  that 
the  working  sect  on  static  temperature  is  the  same  as  with  dry  air.  It  is  seen  that 
this  curve  is  very  similar  in  shape  to  that  denoting  the  quantity  of  water  required 
to  produce  a  satisiactory  vapour  screen.  The  third  feature  is  thaL  the  humidity 
required  reaches  a  minimum  value  at  a  Mach  number  of  about  1.6  and  thereafter  shows 
a  slight  increase.  Above  M  =  1.6  it  seems  likely  that  virtually  all  the  water 
added  to  the  tunnel  is  condensed  out,  so  that  if  the  fog  is  to  be  of  constant  density 
then  the  stagnation  humidity  must  increase  to  aliow  for  the  greater  expansion  of  the 
flow  with  Increasing  Mach  numher,  i.e.  the  quantity  of  water  it  is  necessary  to  add 
will  vary  Inversely  with  the  density*  in  the  working  section. 


There  are  no  theoretical  reasons  for  supposing  that  the  quantity  of  water  required 
to  produce  a  satisfactory  vapour  screen  can  be  simply  expressed  in  terras  of  known 
properties  of  the  flow,  but  as  a  reasonably  approximation  over  the  experimental  range 
it  is  given  by 

(~)l  18  wgttt  +  0.00003 


where  \V 

V 


quantity  of  water  required  to  produce  a  satisfactory  vapour 
screen  (lb) 

total  volume  of  the  tunnel  (45,000  it3) 


f't 


stagnation  density  of  the  air 


•  It  follows  from  continuity  considerations  that,  as  long  as  the  water  vapour  remains  uncon¬ 
densed,  the  absolute  humidity  l>  is  constant  at  ull  points  around  the  tunnel  circuit,  so  that 
the  local  density  of  the  water  vapour  Is  proportional  to  the  local  density  of  the  air.  The 
flow  In  the  tunnel  may  be  regarded  as  the  flow  of  a  mixture  of  two  gases  which  will  have  a 
mean  value  of  the  ratio  of  specific  heats  ynl,  ~  (1.40  *  1.33h)/'l  i  !>),  Slnco'  t>  Is 
always  small,  -  1,40  vory  nearly,  and  so  the  mixture  *111  behave  In,, the  same  manner 

us  dry  air. 

If  the  water  vapour  has  wholly  or  partially  condensed,  tho  average  local  denolty  of  the 
wator/wator  vapour  mixture  will  still  be  approxtmutely  proportional  to  the  local  density 
of  the  air  In  which  It  Is  contained,  except  In  regions  of  large  flyw  acceleration  such  us 
occur  near  «  stagnation  point,  on  passing  through  a  shock  wave,  or  In  the  central  part  of 
a  vortex,  the  greater  inert ia  of  the  water  droplets  preventing  them  from  following  the 
suit  Ion  of  the  ulr.  When  condensation  has  taken  place,  the  density  of  the  air  will  not  In 
general  be  the  same  ns  in  condensation- free  flow,  However,  for  the  purpose  of  estimating 
fog  density  in  the  working  section  U  la  probably  adequate  to  assume  u  value  appropriate 
to  dry  air. 
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p  -  density  of  air  in  the  working  section  (assuming  isentropic  flow) 

w»at  “  density  of  saturated  water  vapour  at  working  section  static  temperature 
under  isentropic  conditions  (lb/ft3). 


The  variation  of 


'sat 


with  temperature  was  derived  from  data  given  on  pages  2304 


U)’  - 


and  2145  of  Reference  IV. 7,  and  is  shown  in  Figure  IV. 51.  The  volume  of  the  working 
section  is  small  compared  with  that  of  the  settling  chamber  so  that 

<Pt 

approximately  equal  to  the  density  of  the  mixture  of  fog  and  uncondensed  water  vapour 
in  the  working  section.  The  factor  18  may  be  considered  as  the  degree  of  super¬ 
saturation  necessary  to  cause  condensation  and  0.00003  lb/ ft3  as  the  mean  density  of 
the  condensed  fog  particles  in  the  working  section,  but  this  interpretation  should  not 
be  taken  too  literally. 


It  was  mentioned  earlier  that  it  was  not  possible  to  investigate  the  effects  of 
total  temperature  on  vapour  screen  formation,  but  some  idea  of  its  effect  on  the 
quantity  of  water  required  may  be  gained  from  the  above  equation.  The  critical  para¬ 
meter  is  working  section  static  temperature,  T  .  When  this  is  less  than  about  -60°C, 
the  term  18  wgat  is  negligible  in  comparison  with  0.00003,  so  that  provided  Tg 
continues  to  be  less  than  about  -60°C,  changing  Tt  will  have  little  effect.  However, 
if  a  change  in  Tt  causes  Tg  to  rise  appreciably  above  -60°C,  the  magnitude  of  the 
term  18  wgRt  increases  very  rapidly  and  so  the  humidity  will  have  to  be  increased  to 
maintain  a  satisfactory  vapour  screen. 

The  effects  of  tunnel  total  pressure  on  fog  formation  were  investigated  at  a  nominal 
Mach  number  of  1,41.  pt  wes  varied  between  18  and  4.5  in.  tig,  and  Tt  held  at  44°C 

(±0. 5°C).  The  results  are  presented  in  Figure  IV. 52  and  show  that  as  the  total 
pressure  was  reduoed,  an  increasing  quantity  of  water  had  to  be  added  to  the  tunnel  to 
produce  a  satisfactory  vapour  A  possible  explanation  for  this  is  as  follows, 

when  the  water  vapour  condenses  to  form  droplets  of  liquid  water,  the  latent  heat  of 
evaporation  is  liberated  and  absorbed  by  the  surrounding  air.  causing  a  rise  in 
temperature.  If  the  total  pressure  is  reduced,  the  amount  of  heat  absorbed  by  the  air 
per  unit  mass  of  water  vapour  condensed  is  unohanged,  but  since  thero  is  a  smaller 
mass  of  air  the  rise  in  temperature  is  greater.  This  rise  iu  working  section  statio 
temperature  increases  the  saturated  vapour  density  in  the  working  section,  so  a  greater 
initial  humidity  is  nooessary  to  produce  the  same  amount  of  condensation. 


At  Maoh  numbers  above  about  1,6  it  Is  expeotod  that  the  effect  of  total  pressure 
will  not  bo  so  marked  as  at  M  =  1.41  ,  sinoe  then  a  much  greater  proportion  of  the 
water  vapour  present  is  condensed  out  in  the  forking  seotion. 


IV. 4. 4  Physical  Appearance  and  Characteristics  of  the  Vapour  Screen 

On  the  addition  of  a  snuill  quantity  of  water  to  the  ‘dry’  tunnel  no  visible  con¬ 
densation  could  ho  dotooted.  even  if,  as  ooourrod  at  nominal  Manh  numbers  of  1.81  and 
2.00,  a  rlso  in  working  sootion  static  pressure  Indicated  that  a  condensation  shook 
was  present.  On  further  increasing  the  humidity  a  point  was  roached  whore  the  outline 
of  the  beam  of  light  oould  Just  be  discerned  In  the  working  seotion,  giving  rise  to  a 
very  faint,  deop  blue  vapour  screen.  The  approximate  humidity  at  whloh  this  blue  haze 
could  first  bo  dctectod  was  notod  and  la  plotted  os  a  -funotion  of  Maoh  numbor  In 
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Figure  IV. 50  and  of  total  pressure  in  Figure  IV. 52.  In  both  cases  it  is  seen  to  vary 
in  a  similar  manner  to  the  quantity  of  water  required  to  produce  a  satisfactory  vapour 
screen. 

Further  development  of  the  vapour  screen  with  humidity  depended  on  Mach  number.  At 
Mach  numbers  up  to  and  including  1. 51  the  screen  at  first  became  slightly  denser,  but 
it  then  gradually  acquired  an  iridescent  character  in  which  wide  vertical  bands  of 
violet,  blue,  green  and  yellowish-green  light  could  be  clearly  seen  when  viewed  from  a 
suitable  position.  At  the  higher  Mach  numbers,  the  blue  haze  just  became  denser  and 
slightly  paler  in  colour. 


The  optical  properties  of  fogs  arc  rather  complex  and  it  is  not  proposed  to  enter 
into  a  detailed  study'  here,  but  some  consideration  of  the  observed  phenomena  can  yield 
interesting  information  concerning  certain  physical  characteristics  of  the  fog. 

Suppose  a  beam  of  light  is  projected  through  air  containing  a  very  large  number  of 
very  small  particles  in  suspension  (of  radius  less  than  10*5  in.,  say),  whose  size  is 
small  relative  even  to  the  wavelength  of  visible  light  (wavelength  1.6  x  10’5  to 
2.7  x  10*5  in.).  In  such  circumstances  a  scattering  of  the  light  will  take  place 
(Tyndall  effect),  the  scattering  being  much  more  pronounced  for  light  of  the  shorter 
wavelengths  (blue  and  violet)  than  for  the  long  (Ref. IV.8).  It  is  believed  that  such 
light  scattering  is  responsible  for  the  bluish  colour  of  the  vapour  screen  when  the 
humidity  was  such  that  condensation  could  first  be  detected  by  eye.  On  increasing  the 
humidity  the  fog  particles  increase  in  size.  True  scattering  will  also  increase  (in 
proportion  to  the  Increase  in  surfaoe  area  of  the  particles)  and  will  tend  to  occur 
more  equally  for  light  of  all  wavelengths,  but  effects  due  to  diffraction  of  the  light 
may  also  become  important  if  the  particles  exceed  a  oertain  critical  size.  With  a 
spherical  particle  the  intensity  of  the  diffracted  light  passes  through  a  series  of 
maxima  and  minima  in  directions  making  an  angle  6  with  the  original  direction  of  the 
beam  given  by 


sin  B  -  k 


A 

r 


(Ref.  IV.  9) 


where  K 
r 


wavelength  of  the  light 
radius  of  the  spherical  particle 


k  =  a  constant. 


The  first  maximum  ooours  when  k  =  0  (undeflocted  light)  ,  and  the  first  minimum  when 
k  =  0,61  .  Further  maxima  ooour  when  k  =  0.810  and  1.333  ,  and  minima  when  k  =  1.116 
and  1,619  .  The  intensity  with  k  =  0.810  is  or../  1.7%  of  the  Incident  light  and  the 
subsequent  Intensity  maxima  are  smaller  still.  However,  it  follows  that  for  each  wave¬ 
length  there  are  oertain  directions  relative  to  tho  direction  of  the  inoldent  light 
along  whloh  light  of  that  particular  wavelength  has  a  maximum  or  minimum  intensity, 
so  the  diffracted  light  is  split  up  into  a  spectrum.  In  the  case  of  the  vapour  screen 
there  is  a  very  large  number  of  illuminated  water  droplets,  eaoh  diffracting  some  of 
the  light  striking  them,  so  that  viewed  at  an  angle  from  the  side  of  the  tunnel,  hands 
of  ooloured  light  might  be  expected  to  appear  across  the  screen  in  speotral  order, 
with  red  nearest  the  observer  (long  wavelength  and  correspondingly  large  value  of  O 
for  maximum  intensity).  This  is  in  agreement  with  observation  at  Mach  numbers  botwoon 
1.3  and  1.8,  with  tho  exception  that  no  red  or  orange  bands  were  deteoted.  A  possible 
explanation  for  the  absence  of  these  colours  is  discussed  later. 
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The  existence  of  these  coloured  bands  implies  that  all  (or  the  greater  part)  of 
the  water  droplets  forming  the  fog  must  be  of  nearly  uniform  size.  If  there  is  a 
variation  in  size,  each  droplet  will  diffract  the  light  differently.  With  a  large 
number  of  droplets  whose  size  varies  in  a  random  manner,  the  resultant  diffracted 
light  would  presumably,  appear  white,  since  if  a  particular  direction  were  the 
direction  for  maximum  intensity  for  a  certain  wavelength  from  one  droplet,  there 
would  be  other  droplets  for  which  thi3  direction  was  the  direction  of  maximum 
intensity  for  other  wavelengths,  giving,  in  effect,  a  continuous  spectrum. 


It  is  possible  to  obtain  an  estimate  of  the  size  of  the  droplets  in  the  fog  by 
observation  of  the  coloured  bands  in  the  vapour  screen.  A  test  was  made  at  a  Mach 
number  of  1.41,  with  a  total  nressure  of  !2  in.  Hg  and  a  total  temperature  of  46°C. 
With  11  pints  (6'4  litres)  of  water  added  to  the  ‘dry’  tunnel  (the  quantity  necessary 
to  produce  a  satisfactory  vapour  screen  under  these  conditions),  it  was  found  that 
the  first  and  second  intensity  maxima  for  blue  light  occurred  at  aneles  of  30°  and  55° 
respectively  to  the  direction  of  the  original  light  beam.  The  wavelength  of  blue 
light  is  approximately  1,8  »  10"5  in.,  so  from  the  first  maximum  we  have: 


r 


i 


0.810  x  1.8  x  UT* 
sin  30° 


2.9  x  10*5  in. 


1.333  x  1.8  x  10  * 

and  from  the  second:  r,  =  - - -  =  2.9  x  10  6  in. 

?  sin  55° 


Such  perfect  agreement  between  the  two  results  must  be  considered  fortuitous,  since 
it  was  not  possible  to  measure  the  angles  to  better  than  about  2°,  but  it  may  be  con¬ 
cluded  fairly  confidently  that  in  this  case  the  radius  of  the  droplets  is  about 
3  x  10'5  in.  This  is  of  the  same  order  as  the  size  of  the  droplets  in  an  artificial 
fog  (produced  by  the  sudden  expansion  of  some  wet  air  in  a  flask)  a?  measured  by 
Stodola  (Ref.IV.  10),  using  a  light  diffraction  method. 


It  was  mentioned  above  that  no  red  or  orange  bands  were  observed  in  the  vapour 
screen.  Assuming  a  droplet  radius  of  2.9  x  10*6  in.,  the  first  maximum  for  red  light 
should  occur  at  an  angle 


0.810  x  2.7  x  10 

0  =  sin  1  - -r -  =  49° 

2.9  x  10  6 


The  second  maximum  for  violet  light  will  occur  at  an  angle 


O 


sin*1 


1.333  x  1,6  x  10** 
2.9  x  10*5 


47°  . 


There  is  thus  somo  overlapping  of  the  first  maximum  for  light  of  long  wavelength  with 
tho  socond  maximum  for  light  of  short  wavelength.  Now  the  speotrum  of  the  mercury 
vapour  lamp  is  rich  in  blue  and  violet  light,  but  rather  deficient  in  red  and  orange, 
so  that  although  tho  sooond  maximum  for  violet  is  less  intense  than  the  first,  it  is 
probably  still  stronger  than  tho  first  maximum  for  red  or  orange.  This  offers  a 
plausible  roason  why  tho  red  and  orange  bands  could  not  be  detected. 
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With  regard  to  the  change  in  character  of  the  screen  between  Mach  numbera  of  1.5 
and.  1.6,  it  seedis  probable  that  this  is  due  to  a  change  in  the  mechanism  of  con¬ 
densation,  which  results  in  a  greater  number  of  smaller  particles  being  formed  at  the 
higher.  Mach  number  so  that  dispersion  of  light  by  the  fog  remains  a  true  scattering 
effect  without  diffraction.  In  addition  to  this  change  in  size,  a  change  in  the 
nature  of  the  fog  particles  from  water  droplets  to  ice  crystals  is  also  likely, 
although  the  two  effects  are  not  related.  It  is  known  (Ref.  IV.  11)  that  small  droplets 
of  pure  water  can  be  supercooled  to  approximately  -40°C  before  freezing  takes  place 
when  cooled  slowly.  With  droplets  formed  during  the  rapid  expansion  of  saturated 
water  vapour,  an  even  greater  degree  of  supercooling  appears  necessary,  and  Sander 
and  Damkohler  (Ref. IV.  12)  have  shown  that  under  such  conditions  a  temperature  of 
approximately  -62°C  is  required  before  ice  crystals  form.  It  may  be  that  at  these 
low  temperatures  the  vapour  condenses  directly  into  ice  crystals  without  passing 
through  the  liquid  phase,  hut  this  point  is  uncertain.  However,  a  temperature  of 
-62°C  corresponds  to  the  working  section  static  temperature  at  a  Mach  number  of  1.59 
under  iaentropic  conditions  and  with  a  total  temperature  of  45°C,  so  that  at  the 
higher  Mach  numbers  the  observed  fog  almost  certainly  consisted  of  ice  crystals. 

IV. 4. 5  j  The  Mechanism  of  Condensation 

A  saturated  or  supersaturated  vapour  will  condense  only  If  there  are  'condensation 
nuclei’  present.  These  nuclei  can  be  of  two  foras  -  minute  particles  of  dust  or 
other  foreign  matter,  and  nuclei  which  are  generated  spontaneously  in  the  vapour  by 
random  moleoular  aggregation.  Nuclei  of  the  former  type  are  invariably  present  to  a 
greater  or  lesser  degree,  but  whilst  groups  of  molecules  are' continually  forming  in 
any  gas  or  vapour,  they  are  unstable  and  immediately  break  up  again  and  so  oannot 
form  condensation  nuclei  unless  the  vapour  is  heavily  supersaturated.  When  con¬ 
densation  occurs  on  foreign  nuclei,  the  number  of  droplets  formed  per  unit  volume  is 
limited  by  the  number  of  nuclei  present,  and  the  rate  at  which  the  vapour  condenses 
is  determined  by  the  rate  at  which  the  droplets  osn  grow,  which  in  turn  depends  on 
the  degree  of  supersaturation,  the  rate  of  diffusion  of  vapour  molecules  onto  the 
surfaoe  of  the  droplets  and  the  rate  of  transfer  of  the  latent  heat  of  evaporation 
away  from  the  droplets.  On  the  other  hsnd,  with  self-generated  nuclei,  the  number 
of  nuolei  per  unit  volume  esn  roaoh  astronomical  figures  when  the  vapour  is 
sufficiently  supersaturated  and  condensation  can  take  plsoe  extremely  rapidly  (con¬ 
densation  'shock'),  leading  to  a  very  large  number  of  minute  droplets.  These  two 
condensation  processes  and  their  relative  importance  in  wind  tunnels  were  first 
discussed  in  detail  by  Oawatitsch  (Ref.  IV.  13) ,  who  oonoluded  that  in  supersonic 
tunnels  the  effects  of  foreign  nuolei  could  be  negleoted.  In  the  present  esse, 
however,  it  is  believed  that  at  Mach  numbers  up  to  and  including  1.51,  condensation 
is  ooourring  principally  on  foreign  nuolei  tnd  that  only  at  higner  speeds  do  self- 
generated  nuclei  become  predominant.  The  reasons  leading  to  the  adoption  of  this 
conclusion  are  dlsoussed  at  some  length  in  Appendix  IV,  1.  It  must  be  emphasised 
that  this  conclusion  is  only  valid  for  the  3  ft  tunnel  for  the  particular  conditions 
under  which  it  was  operated,  and  does  not  necessarily  apply  in  general.  It  Is  shown, 
for  instanoe,  that  a  reduction  in  total  temperature  considerably  decreases  the 
importance  of  foreign  condensation  nuolei.  The  question  of  tunnol  size  is  also  con¬ 
sidered  briefly  and  It  is  concluded  that  in  s  smaller  tunnel  a  greater  stagnation 
humidity  will  be  necessary  to  produce  the  same  density  of  fog  in  the  working  section 
at  the  same  total  pressure  and  Maoh  number. 
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IV. 4. 6  Effect  of  Humidity  on  Working  Section  Static  Pressure 
and  Mack  Number 

Measurements  were  made  of  the  variation  of  working  section  static  pressure  with 
quantity  of  water  added  to  the  tunnel  at  several  Mach  numbers,  and  the  results, 
expressed  as  the  ratio  of  the  actual  static  pressure  to  the  pressure  with  dry  air, 
p/pdry  ,  are  presented  for  nominal  Mach  numbers  of  1.51,  1.81  and  2.00  in 
Figures  IV. 53  and  IV. 54.  The  actual  Mach  number  in  tne  working  section  was  measured 
at  nominal  Mach  numbers  of  1,51  and  2.00  by  sticking  strips  of  cellulose  tape  approxi¬ 
mately  0.003  in.  thick  on  the  top  and  bottom  walls  of  the  tunnel  just  ahead  of  the 
windows.  These  generated  very  weak  shock  waves  (effectively  Mach  waves),  which  were 
photographed  using  the  tunnel  Sehlieren  system.  The  included  angle  between  the  two 
waves  (equal  to  twice  the  Mach  angle)  was  measured  from  photographic  enlargements  and 
the  actual  Mach  number  obtained.  The  variation  of  actual  Mach  number  with  humidity 
is  shown  in  Figure  IV. 54.  Some  Sehlieren  pictures  obtained  at  a  nominal  Mach  number 
of  2.00  are  shown  in  Figure  IV.  55. 

At  Mach  numbers  less  than  1.51  it  is  possible  to  obtain  sufficient  condensation  to 
produce  a  satisfactory  vapour  screen  without  affecting  either  the  working  section 
static  pressure  or  Maoh  number.  In  this  Mach  number  range  it  is  believed  that  con¬ 
densation  is  occurring  progressively  on  foreign  condensation  nuclei  without  a 
condensation  shock.  At  the  higher  Mach  numbers  a  condensation  shock  is  clearly 
present,  and  at  a  certain  humidity  the  static  pressure  suddenly  starts  to  increase 
and  the  working  section  Maoh  number  to  decrease.  The  humidity  at  which  the  static 
pressure  diverges  hy  IS  from  the  'dry'  value  is  a  convenient  indication  of  the  onset 
of  the  condensation  shock,  and  this  humidity  is  shown  as  a  funotlon  of  Mach  number  in 
Figure  IV.  50  for  a  stagnation  pressure  of  12  in.  Hg. 

It  will  be  noted  from  Figure  IV. 50  that  at  M  =  1.81  and  2.00  a  condensation  >.hook 
occurs  at  a  lower  humidity  than  that  at  whioh  fog  is  first  visible  in  the  working 
seotion,  whilst  at  Mach  numbers  less  than  1.6  there  may  be  visible  condensation  with¬ 
out  a  condensation  shock.  Thus,  as  has  been  previously  pointed  out  by  Oswatitsch 
(Ref.  IV,  13),  the  appearanoc  or  disappearance  of  fog  in  the  working  seotion  is  not  a 
reliable  guide  to  the  presenoe  or  abeenoe  of  condensation  effects. 

Once  a  condensation  shock  is  established,  the  working  seorlon  statio  pressure  does 
not  necessarily  inorease  steadily  with  increasing  humidity.  At  both  M  •  1.81  and 
2.00  (Figures  IV.  53  and  IV.  54)  there  is  a  range  of  humidity  soon  after  the  con¬ 
densation  shook  forms  over  whioh  the  static  pressure  is  constant,  and  at  M  =  1.51 
and  1.81  at  the  maximum  humidity  investigated  the  rate  of  increase  of  pressure  with 
humidity  is  again  nearly  zero.  Tho  reason  for  this  is  uncertain,  but  it  may  be 
associated  with  the  passage  of  a  reflection  of  the  condensation  shook  across  tho 
statio  pressure  tappings,  which  are  looated  in  the  sidewalls  of  the  tunnel  Just  ahem 
of  the  windows,  These  shook  reflections  can  be  olearly  seen  in  the  Sohlieren  photo¬ 
graphs,  Figure  IV.  55.  At  a  nominal  Maoh  number  of  2.0  the  aotual  Maoh  number  in  the 
centre  of  the  working  seotion  dooroases  monotonioally  with  increasing  humidity  and 
does  not  show  any  discontinuities.  Hie  rate  of  decrease  of  Maoh  number  with  humidity 
is  greatest  immediately  after  the  condensation  shock  forma. 

Making  the  assumption  that  the  flow  is  one-dimensional  and  lsentropic  before  and 
after  the  condensation  shook,  Monaghan  (Ref.  IV.  14)  has  derived  the  following 


126 


approximate  relations  for  the  working  section  static  pressure  and  Mach  number  when 
a  condensation  shock  is  present  in  the  nozzle: 
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Mach  number  just  ahead  of  the  condensation  shock 

heat  input  per  unit  mass  of  gas  (C.H.U. /lb) 

specific  heat  of  air  at  constant  pressure  (0.24  C.H.U. /lb  °C) 

total  temperature  of  the  air  Rhesd  of  the  shock  (HK). 


These  theoretical  values  have  been  compared  with  the  experimental  results  at  a 
nominal  Mach  number  of  2.00.  Details  of  the  calculations  are  given  in  Appendix  IV. 2, 
and  the  resulting  values  of  M  and  p/p^  have  been  added  to  Figure  IV, 54. 

The  calculated  Mach  number  compares  well  with  experiment  at  the  lower  humidities, 
but  (he  theory  overestimates  the  effect  on  Mach  number  ns  the  humidity  is  increased. 
Hie  'step’  in  the  experimental  value  of  p/p^  is  not  predicted,  of  course,  but  the 
moan  rate  of  Increase  of  static  pressure  with  humidity  is  approximately  correct. 


IV.  NOMK  TYPICAL  VAPOUR  SCRKk.N  PIIOTOKRAPHK 

The  ob loot  ot  this  section  is  to  introduce  a  selection  of  typical  vapour  screen 
photi.graplw  obtained  with  a  series  of  wing*body  combinations  and  to  point  out  features 
(.r  particular  interest.  It  is  not  proposed  here  to  relate  details  of  the  flow  re¬ 
vealed  by  these  photographs  to  the  general  aerodynamic  characteristics  of  the  wings: 
for  such  a  ci 'cession  the  reader  is  referred  to  Reference  IV,  15.  A  brief  comparison 
i»  mnie,  however,  between  some  results  obtainod  with  the  vapour  scroen  technique  and 
the  corresponding  surface  oil-flow  pattorns. 

All  the  mi  dels  mentioned  in  this  Note  consisted  of  various  delta  wings  mounted  on 
the  cylindrical  part  of  an  ogivo-cylindor  body.  With  the  exception  ol  that  used  in 
set-turn  IV.  5.  ♦.  all  the  wings  tmd  a  leading  odgo  swoop  of  65°  and  it  thlcknoss/chord 
ratio  of  0.04.  Ilto  extreme  Ups  of  tho  wings  wore  removed,  giving  a  taper  ratio  of 
0.05.  tinned  oi  the  root  chord  cQ  of  tho  exposed  wing.  In  all  cases  free  boundary 
layer  iruu.tittnn  was  permitted. 


IV.  5.  i  How  Behind  a  '‘umbered  ting  at  Two  llltlerem 


•t  senes  t  vapoyr  screen  plmtouniplis  •.dm*' a. 
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,1  cy  are  presented  in  Figures  IV. Ml 

l°l  section  and  cambered  conically  with  respect  to 
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the  apex  of  the  gross  wing  to  give  an  approximately  elliptic  spanwise  loading  at  a 
lift  coefficient  of  0. 15  at  M  =  1.57  .  The  photographs  have  been  reproduced  to  about 
three-quarters  full  model  scale,  and  from  the  point  of  view  of  technique  the  most 
remarkable  feature  is  the  wealth  of  fine  detail  shown  at  low  incidences,  particularly 
at  the  higher  Mach  number.  P6r  example,  at  incidences  of  3°  and  4°  a  tiny  vortex 
about  1/10  in.  diameter  can  be  clearly  seen  behind  the  extreme  tip  of  the  wing.  With 
increase  of  incidence  this  vortex  grows  in  size  and  retains  its  roughly  circular  form, 
but  at  incidences  less  than  3°  it  becomes  raergod  with  a  more  complex  flow  originating 
on  the  under  surface  of  the  wing  in  the  tip  region.  At  M  -  1.88  the  flow  near  tho 
tip  at  zero  incidence  is  particularly  intriguing. 


Considerable  differences  in  the  flow  over  the  upper  surface  of  tho  wing  may  be 
observed  between  the  two  Mach  numbers.  At  M  =  1.51  the  flow  appears  to  be  completely 
attached  to  the  wing  surface  up  to  4°  incidence,  but  at  M  =  1.8T  the  photographs 
suggest  that  the  flow  is  separating  at  incidences  greater  than  about  1°.  The  design 
lift  coefficient  for  the  camber  corresponds  to  an  incidence  of  approximately  4°,  so 
it  appears  that  the  camber  is  successful  in  delaying  leading  edge  aeparation  at  Mach 
numbers  near  the  design  value.  In  general,  the  Inboard  end  of  the  vortex  region  is 
more  clearly  defined  at  M  =  1. 88  ,  a  rather  thick  wake  from  the  inner  half  of  the 
wing  tending  to  obscure  it  at  the  lower  Mach  number.  Also,  the  shape  of  the  vortex 
region  is  more  irregular  at  M  =  1.88  ,  and  there  is  a  sudden  increase  in  its  span- 
wise  extent  between  6°  and  8°  incidence.  This  is  probably  due  to  tbi  nroiinnep  of  a 
shock  wave  above  vhc  vortex,  which  can  be  seen  in  the  photnRraj 
Tho  shock  is  rendered  visible  hy  the  change  in  density, 
this  Mach  number  condensation  la  virtually  oompl 
forces  on  the  fog  particles  the  number  nj 
amount  of  light  scattered)  will  he 
On  passing  through  a  shock  wave, 
fog  particles  cannot  foll'«j 
thorofore  oxiNts  bottty 
thut  this  will  be., 
distance  nftjsi 
and  * lu. 


Ihol 

"occurs  across  it.  At 
"and  in  tho  absence  of  extraneous 
Fieles  per  unit  volume  (and  henoe  the 
Ely  proportional  to  the  looal  air  density, 
air  undergoes  a  very  rapid  deceleration  which  the 
Rng  to  their  much  greater  inertia.  A  relative  velocity 
the  air  and  tho  fog  particles,  but  a  simple  calculation  shows 
Tckly  reduced  to  zero  hy  the  aotlon  of  viscosity  and  a  short* 
Passing  through  the  shook  steady  state  oondltiona  will  be  re-established 
5g  density  will  again  be  proportional  to  the  local  air  density.  The  ex- 
Ion  over  the  leading  edge  causes  a  reduction  in  density  and  the  soreen  darkens 
progressively  from  the  loading  edge  towards  the  terminal  shook.  At  the  shock  there 
is  a  HUdden  increnso  in  density  and  tho  screon  appears  lighter  due  to  the  greater  con¬ 
centration  of  fog  particles.  TTie  position  of  the  shook  therefore  corresponds  with 
the  boundary  between  tho  darkor  and  lighter  regions,  and  some  ides  of  the  shock 
strongth  may  bo  gained  from  the  change  in  shade  between  the  two  regions.  Theae  effects 
are  shown  up  much  moro  clearly  In  Figure  IV. 58  than  in  the  present  example. 


*  Tin'  retuttvi.  velocity  .*.u  at  time  t  after  passing  through  the  shock  save  is  given  approxl- 
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where  .1  is  the  diameter  of  the  mrttrle  (assumed  to  be  sphericsll.  *(  its  ilensltv 
(ulus/ ft J)  ami  n  the  viscosity  of  the  atr  (lb  sec/ftM.  P>r  s  spherical  partleli  of  radius 
ll)’'  In.  the  relutive  velocity  till  be  reduced  to  la  of  Hi.  initial  value  la  a  Mat  of 
ntmroxlnutul.v  s  .  lu*‘  secs,  !.«.  la  a  distance  of  less  than  0.1  in.  after  cassias  through 
the  shock  »u»e. 
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A  row  of  snail  black  patches  about  1/8  in.  diameter  is  visible  behind  the  inner 
part  of  the  wing  at  M  =  1.88  and  1°  incidence  (Pig.  TV.  57).  It  Is  believed  that 
these  are  due  to  streamwise  vortices  in  the  boundary  layer,  caused  by  an  instability 
of  the  three-dimensional  shear  flow  in  the  region  of  the  swept  leading  edge,  the 
continuous  transverse  shear  breaking  down  into  a  number  of  discrete  vortices  (Ref. 

IV. 15).  They  are  probably  also  present  at  M  =  1,51  ,  the  wake  behind  the  wing  at 
1°  and  2°  incidence  having  a  rather  jagged  appearance,  but  are  not  nearly  so  distinct 
as  at  the  higher  Mach  number. 

White  streaks  or  patches  can  be  seen  in  all  but  one  of  the  photographs  at  M  =  1.51, 
below  the  wing  at  negative  incidences  and  above  it  at  positive  incidences.  Originally 
these  were  thought  to  be  of  no  account  and  due  merely  to  light  reflection  from  the 
body.  However,  it  now  seems  certain  that  they  are  caused  by  additional  cuiiutnisation 
in  regions  of  local  flow  expansion  around  tho  model.  The  matter  is  considered 
further  in  Section  5.4.  No  condensation  streaks  were  ever  encountered  at  Mach  numbers 
above  1.51. 

IV.  5.  t  Flaw  Over  the  Upper  Surface  of  a  Plane  King  at  N  5  1.15 

Some  photographs  of  the  flow  over  the  upper  surface  of  a  plane  delta  wing  at  an 
actual  Mach  nuwber  of  1.75  (M,jry  =  1.81)  are  shown  In  Figure  IV.  58.  The  wing  was  of 
the  sane  aeotlon  (ft. A. E.  101,  4*  thlok)  as  before,  bi  .  unoanbered.  The  plane  of  the 
vapour  screen  was  located  approxlrately  0,28  c0  ahead  of  the  trailing  edge. 

As  mentioned  previously,  a  slock  wave  Is  clearly  visible  above  the  wing  vertex  in 
this  case,  its  strength  increasing  quite  sharply  with  lnoldence  above  10°. 

An  Interesting  ohwne*  in  the  flow  pattern  occurs  st  an  incidence  of  about  10**, 
■Ultm-.  W  “  thi,.  flow  viiinri  t  nn  ii  m  tw’  lead)  m  edge,  hut  later  re-attach**, 

leaving  s  closed  bubble  containing  a  vortex  on  tit*  wing  aurfsce.  At  higher  Incidences, 
however,  a  sheet  uf  vortielty  can  be  seen  springing  froa  the  leading  edge  and  mil  ini 
up  Into  a  vortex  eowe  distance  above  the  aurface.  This  vortex  Induces  an  outriow 
near  the  wing  surface,  but  the  outflow  itself  appears  to  separate  and  for*  x  secondary 
vortex  underneath  the  sain  vortex  ahset. 

Two  further  wrt<e*a  close  to  the  body  ai  15°  and  18°  Incidence  can  be  Identified. 
The  upper  la  one  of  *  pair  of  body  vortlcwa  caused  to  separation  of  the  cross -How 
over  the  forward  part  of  the  body  at  high  Incidence  (Ref.IV.  1).  The  lower  appear*  to 
be  a  wing-body  Junction  vortex  of  the  type  described  by  etanbrook  (ftef.lV. 18).  which 
Is  caused  by  the  interaction  of  the  body  boundary  layer  witn  the  leading  edge  of  the 
wing.  A  vortex  sheet  can  be  seen  separating  fros  the  body  at  an  angular  position 
approximately  40°  above  the  pi one  of  tho  wing  end  rolling  up  to  for*  this  vortex. 

IV. 5.1  CMvsriton  of  Surface  Oil-Plow  and  Vapour  Screen  Technique* 
no  Two  Sings  st  *  "  t. 51 

Figure*  IV.  59  and  IV. 80  have  hewn  prepared  *o  that  details  uf  the  flow  shown  by 
the  vapour  acree.i  way  be  easily  cowparod  «ith  those  given  by  surface  oil -flow  patterns. 
Both  of  the««  figure*  show  vapour  screen  photographs  obtained  Just  behind  the  trailing 
edge  and  at  throe  stations  on  *  ting  *1  8°  Incidence  at  a  Mach  noaber  of  1.51. 
together  elth  a  photograph  of  ’.he  oll-floe  pattern  (obtained  uatag  a  aUturo  of  heavy 
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oil  and  titanium  dioxide  with  a  trace  of  oleic  acid  as  anti-coagulant)  at  the  same 
conditions.  The  two  wings  used  were  the  plane  and  cambered  thick  delta  wings 
referred  to  above.  Figure  IV.  59  showing  the  results  for  the  plane  wing. 

The  only  significant  differences  shown  by  the  oil-flow  patterns  are  that  on  the 
cambered  wing  separation  occurs  slightly  further  aft  of  the  leading  edge,  and  the 
re-attachmont  line  is  slightly  curved.  However,  the  vapour  sereen  pictures  show  that 
the  height  and  area  of  the  vortex  region  and  the  angle  at  which  the  flow  separates 
from  the  wing  surface  are  appreciably  greater  in  the  ease  at  th?  plate  wing.  The 
vapour  screen  photographs  on  the  cambered  wing  also  show  shat  appear  to  be  three 
smaii  vortices  in  the  boundary  layer  inboard  of  the  sunn  leading  edge  vortex.  There 
is  no  indication  of  these  vortioes  in  the  oil-flow  pattern,  and  their  origin  is 
obscure.  They  may  also  be  seen  in  the  photograph  at  d°  incidence  in  Pigurw  TV. 56. 
but  there  is  do  similar  effect  an  the  piane  wing. 

The  position  of  re-attachment  say  be  obtained  with  considerable  accuracy  from  the 
oil  flow  patterns,  and  this  point  has  been  marked  on  the  vapour  screen  photographs 
for  the  three  stations  on  the  wing.  Close  examination  of  the  vapour  screen  photo¬ 
graph  at  the  6.95  station  on  the  plane  wing  reveals  that  the  flow  immediately 
shove  the  wing  «ay  fee  divided  lets  three  parts  -  a  black  region  aver  the  outer  part 
of  the  sics  ahspsd  roughly  like  a  segment  of  a  oirele  and  whieti  appears  to  be  devoid 
of  fag  particles,  a  gray  reaies  which  extends  as  n  narrow  band  above  the  wing  surface 
fro®  the  inboard  end  of  the  black  ts  the  body,  and  a  thio  bright  line  rowing 

froB  the  bo#  to  the  leading  edge  of  the  win*  which  forma  an  upper  boundary  to  both 
M»  grey  asd  Week  regions.  It  appears  that  the  point  of  rc-atfaciaent  coincides  with 
the  inboard  end  of  the  black  region.  so  it  is  not  unreasonable  to  suoposu  that  the 
aij»  and  steps  of  this  region  correspond  fairly  closely  with  those  of  the  actual 
leading  edge  voptes.  At  the  other  vapour  street!  stations,  and  or  tbs  taster ed  wing, 
it  i*  virtually  impossible  to  distinguish  between  thes*  t*o  regions  and  they  appear 
as  a  siaele  dark  region,  hut  in  *e»*ral  re-attachment  occurs  at  a  spaawiae  position 
near  the  point  of  inflection  of  the  bright  line  surrounding  the  dark  reslna.  This 
line.  and  the  dark  region  over  the  iaasf  part  of  the  wing  where  iba  flow  is  attached, 
are  chsracisrUtie  of  rasa.Ua  obtained  t*  uste  mt=fcws  up  to  i.Si.  Above  this  speed, 
as  shewn  in  Figure*  IV,  ST  and  iv.53.  the  iabeerd  end  of  what  is  assumed  to  be  the 
leading  edge  vertex  ia  guiu  sharply  defined  and  there  m  no  contipjcua  dark  bated 
n«*t  lit*  inner  part  of  the  wing.  In  Section  IV.8  it  in  aasteated  that  tbit  di ft* ranee 
>a  due  to  the  smaller  ai«e  of  the  fog  particle*  at  the  higher  dash  -waters. 

IV.S.e  An  interact tag  fn««*es«o  at  *  =  1.32 

«  ah  early  abase  of  the  prtraeai  investigation,  wfcwa  fog  formal ics  at  different 
iishh  number*  ««a  being  clsdied,  a  teat  wax  being  performed  at  s  tech  ouster  of  i .  JS, 

Aw  usual  during  the**  tests,  a  ended  *a*  counted  la  the  tunasi  so  ttet  the  quality  of 
it.-*  r-arrH!’’  *"**•*»  pirtbre  mold  bo  iudSv'd.  M  the  team  of  light  mas  tetet 
further  aft  behind  U>*  model  a  aunt  interesting  j*sncs*b»  ceeurrsd.  In  addition  to 
the  ftotarl  black  patches  wt  the  screen  reused  ts»  vortices  fra*  the  «ing,  a  aytermral 
pattern  bf  bright  blue  line*  developed,  which  appeared  la  esmnate  frree  the  ewstre  of 
the  screen  and  become  entwined  sith  the  els*  vortiew*.  it  is  coi  passible  it*  »  HUci 
«**>i  while  refitotf  sc»  ten  *t,  fully  reaaptnrt  the  sinking  nature  cf  'Sir  effect  -  a 
pattern  in  Mue  and  black  us  as  iridas-saat  background  half  green,  half  vioici  -  hut 
the  photograph®  in  figure  IV.it,  which  «ei>  originally  taboo  un  colour  film,  give  a 
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good  Impression  of  the  phenomenon.  The  model  used  was  similar  to  those  described 
previously,  but  fitted  with  a  55°  leading  edge  sweep  delta  wing  of  R.  A.  E.  101  section, 
6%  thick.  The  plane  of  the  vapour  screen  was  located  approximately  9.5  in.  (1.2  wing 
root  chords)  behind  the  trailing  edge  of  the  wing.  The  blue  lines  were  present  even 
at  zero  incidence,  when  they  formed  a  roughly  triangular  shape  behind  each  wing  panel, 
with  the  apex  towards  the  body.  With  application  of  incidence,  their  shape  changed, 
the  upper  side  of  the  triangle  becoming  curved  and  the  lorer  side  swiugiug  round  as 
if  to  unite  with  the  wing  vortex. 

The  lines  from  the  body  became  rather  diffuse  by  about  7°  incidence,  but  two  blue 
lobe-like  shapes  appeared  In  the  screen  on  top  of  tho  sting  an  which  the  model  was 
mounted.  With  further  increase  of  incidence  the  vortical  height  of  the  lobes 
increased  and  their  tips  assumed  a  .iutlsn  tinge.  It  was  found  that  on  moving  the 
light  beam  towards  the  model  the  main  pattern  of  blue  lines  became  fainter,  and  they 
disappeared  completely  when  the  Hena  was  about  6  In,  from  the  trailing  edge  of  the 
wing,  the  blue  lobes  above  the  body  at  high  incidence  persisted,  however,  until  the 
bout*  was  ahead  of  the  trailing  edge. 

At  the  time,  the  origin  of  the  blue  line  was  the  subject  of  much  speculation.  No 
quite  similar  effect  could  be  found  »t  other  Uach  numbers,  although  at  U  =  1.41  and 
1.51  blue  lobe*  could  be  seen  at  high  incidence  when  the  light  beam  was  behind  the 
wing  trailing  edge.  The  matter  we*  finally  resolved  when  a  long,  slender  body  of 
revolution  on*  being  tested  at  a  bach  number  of  1.41,  The  light  beam  was  located 
toward*  the  rear  of  the  body  and  the  model  happened  to  be  at  a  considerable  Incidence 
while  water  was  being  added  to  the  tunnel.  It  waa  discovered  that  two  faint  blue 
lube*  could  be  seen  above  the  body  in  the  path  of  the  light  bean  before  the  humidity 
was  sufficient  to  produce  a  visible  vapour  screen.  It  was  therefore  concluded  that 
the  blue  coloration  *a*  due  to  local  condansatioo,  caused  by  flow  expansion  in  the 
immediate  vicinity  of  the  model. 

This  explanation  further  confirm*  the  mechanism  of  condensation  proposed  in 
Section  IV. 4. 5.  No  blue  lines  were  detected  under  any  condition*  »t  a  Nash  number 
greater  than  1.51.  However,  condensation  occurs  at  a  condensation  shock  above  this 
Mach  number  and  the  flow  U  not  supersaturated  after  the  shock.  It  l*  therefore  not 
possible  fbr  additional  condensation  to  occur  at  thr  amici.  At  Uach  number*  up  to  snd 
Including  I.S1  It  is  believed  that  the  primary  condensation  occurs  on  foreign  nuclei 
and  only  a  fraction  of  the  water  vapour  present  in  the  working  section  Is  condensed 
out.  The  floe  Is  still  well  supersaturated  and  secondary  condensation  nay  occur  In 
any  region  ahere  e*paaaion  of  the  flow  is  sufficient  to  raise  the  local  level  of 
supernatural ion  above  the  Critical  value.  In  view  «f  the  coegarattvel.v  snail  sine  of 
the  regions  causing  additional  condensation,  it  ts  probable  that  auch  condensation 
occur*  on  sel f-genersted  nuclei.  This  implies  thst  them  say  be  condensation  shock* 
in  the  vicinity  of  the  model,  but  It  is  considered  that  the  'r..' laer.se  of  there  sherkr 
on  lbs  overall  floe  around  the  model  is  likely  to  be  very  small. 


tv.  e  m  powvation  ok  m  .trot*  smew  m  crust: 

The  mechanise  by  ehich  a  shock  nave  is  rendered  visible  by  the  vapour  screen  has 
already  been  discussed  in  Section  IV. 5.1.  *e  will  noe  consider  briefly  other  ways  In 
which  the  uni  for*  dmirihisMon  of  particle*  say  he  disturbed  sufficiently  to 
produce  n*t< loeahle  cbangrc  in  the  aanual  of  tight  scatlereu  jy  ibe  tog 
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A  priori,  two  causes  would  appear  to  be  responsible  -  heating,  so  that  the  fog 
particles  tend  to  evaporate,  and  failure  of  the  fog  particles  to  follow  the  motion  of 
the  air  in  regions  of  flow  curvature  or  acceleration  due  to  their  much  greater 
inertia. 

Heating  due  to  compression  will  only  occur  to  a  significant  extent  near  a  stagnation 
point  or  through  a  strong  shock  wave,  but  in  these  circumstances  effects  due  to  droplet 
inertia  will  be  much  more  important.  Other  regions  in  which  the  temperature  may  be 
considerably  above  the  stream  temperature  are  the  boundary  layer  and  regions  of  low 
mean  velocity  after  boundary  layer  separation.  However,  Crane  (Ref.  IV.  17)  has  deduced 
from  measurements  of  recovery  temperature  that  in  a  laminar  boundary  layer  no  re¬ 
evaporation  occurs  and  that  with  a  turbulent  boundary  layer  re-evaporation  is  only 
partial.  It  therefore  appears  that  localised  temperature  effects  are  not  important 
in  the  formation  of  the  vapour  screen  picture,  except  possibly  in  the  case  of  wakes 
behind  wings  or  bodies  at  low  incidence. 

Effects  due  to  droplet  inertia  occur  in  two  distinct  regions  -  the  region  near  the 
leading  edge  of  a  wing  or  the  front  stagnation  point  of  a  body,  and  regions  of  vortical 
flow.  The  behaviour  of  water  droplets  in  the  neighbourhood  of  the  leading  edge  has 
long  been  of  interest  in  connection  with  the  problem  of  ici.ig  (Ref.  IV.  18).  Unfortun¬ 
ately  the  equations  governing  the  motion  of  the  droplets  cannot  be  solved  in  closed 
form,  but  numerical  solutions  have  been  obtained  for  a  number  of  different  aerofoils 
at  subsonic  speeds,  and  tne  effects  of  wing  sweep  have  been  examined  (Ref. IV.  19). 

Hie  behaviour  of  the  droplets  depends  on  the  dimensionless  inertia  parameter  k  , 
defined  as 

2  w, -r2U 
k  =  -»-L  — 

9  ix'  c 

where  wL  is  the  density  of  the  droplet  of  radius  r  ,  n  the  viscosity  of  the  air, 

U  the  free  stream  velocity  and  c  the  chord  of  the  aerofoil.  Fbr  a  particular  aero¬ 
foil  at  a  given  incidence  there  is  a  critical  value  of  k  ,  If  k  is  less  than  the 
critical  value,  no  droplets  strike  the  aerofoil,  but  if  k  exceeds  the  critical 
value,  oil  the  droplets  in  a  certain  stream  tube  an  infinite  distance  ahead  of  the 
leading  edge  strike  the  aerofoil.  Both  the  width  of  this  stream  tube  and  the  area  of 
impingement  increase  with  k  .  This  effect  may  explain  the  dark  bands  over  the  inner 
parts  of  the  wings  shown  in  the  vapour  soreen  photographs  at  M  =  1.51  (Pig.  IV,  59 
and  IV.  60)  and  mentioned  in  Section  IV,  5.3.  At  M  =  1.61  ,  when  the  radius  of  the 
fog  particles  is  about  3  x  10*6  in.,  k  is  of  order  0.1,  Hie  radius  is  not  known 
with  any  degree  of  certainty  at  higher  Mach  numbers,  but  it  is  probably  not  greater 
than  10*s  in.,  so  that  k  is  of  order  0.01.  Thus  at  M  -  1.51  droplets  are  likoly 
to  impinge  on  the  nose  of  the  aerofoil  (where  they  presumably  evaporate)  and  so  the 
air  immediately  above  the  surface  is  devoid  of  fog  partioles,  but  at  higher  Mach 
numbers  the  lower  value  of  k  greatly  reduces  this  tendency,  and  may  even  eliminate 
it  completely. 

There  is  little  doubt  that  all  the  above  mentioned  effoots  are  of  quite  minor 
importance  in  the  formation  of  the  vapour  soreen  picture  compared  with  the  influence 
of  vortices.  The  radial  aocolerauion  produoea  by  circulatory  flow  exorts  a  powerful 
centrifuging  action  on  the  fog  particles  and  they  are  rapidly  swept  from  tho  centre 
of  the  vortex.  A  point  of  great  interest,  but  one  which  cannot  be  definitely  rosolved 
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from  the  present  tests,  is  the  relationship  between  the  size  and  shape  of  a  region 
clear  of  fog  with  those  of  the  vortex  causing  it.  The  boundary  of  such  regions  is 
invariably  well-defined,  but  can  a  vortex  possess  such  a  boundary?  This  difficulty 
is  removed  if  it  is  remembered  that  the  vortices  under  consideration  here  are  quite 
different  from  the  classical  concept  of  an  irrotational  vortex  in  an  inviseid  fluid. 
They  are  essentially  three-dimensional,  rotational  and  viscous,  produced  by  the 
accumulation  of  vorticity  shed  from  lines  of  boundary  layer  separation  near  the 
leading  edge  of  the  wing  or  from  the  body.  Prom  examination  of  large  numbers  of 
photographs,  it  is  suggested  that  the  black  regions  shown  on  the  vapour  screen  are 
caused  by  these  rotational  vortex  cores,  and  the  boundary  of  the  region  is  a  fairly 
close  approximation  to  the  boundary  between  the  core  and  the  outer  irrotational  flow 
field,  but  a  detailed  survey  of  flow  conditions  is  necessary  before  this  can  be 
definitely  established. 


IV. 7  THE  VAPOUR  SCREEN  AT  SUBSONIC  SPEEDS 

All  previous  applications  of  the  vapour  screen  technique  have  been  restricted  *-o 
supersonic  speeds,  but  there  are  no  fundamental  reasons  why  the  method  should  not  be 
employed  at  the  higher  subsonic  and  transonic  speeds  provided  a  sufficiently  large 
drop  in  temperature  between  tho  settling  chamber  and  working  section  can  be  achiovod. 
Some  tests  were  therefore  made  to  examine  vapour  screen  production  under  those 
conditions. 

Ideally,  tho  uso  of  a  slottod  or  porous  wall  working  section  ia  necessary  for  such 
an  investigation,  but  this  was  impossible  in  the  present  instance  since  the  transonic 
working  section  of  the  3  ft  tunnol  does  not  possess  any  apertures  suitablo  for  the 
pusaage  of  the  light  bean.  As  an  alternative,  a  flat  top  liner  was  used  in  the  super¬ 
sonic  working  section,  converting  it,  in  effect,  to  a  subsonio  tunnel.  Tills  presented 
no  serious  disadvantage  since  the  main  purpose  of  these  tests  was  to  determine  tho 
lowest  subsonic  Uach  number  at  which  the  vapour  aoreen  technique  could  bo  usefully 
employed. 

Tlie  urst  lost  was  made  u  U=  0.80  (based  on  the  value  of  p/pt  and  uncorreoted 
for  constraint  effects)  with  s  total  pressure  of  20  In.  Its  and  a  total  temperature  of 
approximately  A0°C,  Tho  same  procedure  was  followed  as  In  previous  tests  at  super¬ 
sonic  speeds.  It  was  found  necessary  to  injoct  some  13  gallons  of  water  before  an 
adequately  dw.se  vapour  screen  was  produced,  but  the  screen  tended  to  thin  once  tho 
flow  of  water  into  the  tunnel  ceased.  Ttus  was  because  the  air  was  saturated  at 
stagnation  conditions  and  condensation  occurred  on  the  tunnel  walls  and  in  other  cool 
parts  of  the  circuit.  The  trouble  was  cured  by  injecting  wster  continuously  into  the 
tunnel  at  s  rate  sufficient  to  make  up  for  this  condensation.  However,  in  splto  of 
the  screen  appearing  reasonably  satisfactory  when  viewed  from  '*>«  aid*  of  the  tunnel, 
attempts  to  photograph  It  from  downstream  were  unsuccessful,  Inc  picture  being  almost 
completely  obscured  hy  dense  white  patches  caused  by  local  condensation  ar....mt  Um 
model.  An  impression  was  gained  that  the  droplets  fuming  the  fog  were  considerably 
larger  than  thus*  at  higher  speeds,  and  globules  of  water  could  frequently  be  seen 
streaming  over  the  surface  of  the  model  and  collecting  at  the  trailing  edge  of  the 
wing  and  the  base  of  the  body. 

A  second  test  at  V  0.(15  with  the  same  total  teapeistuu-  ami  pressure  as  before 
proved  such  more  successful.  About  in  gal  Inna  of  water  were  required  to  produce  an 
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adequate  vapour  screen,  which  had  the  same  iridescent  character  as  at  the  lower  super¬ 
sonic  Mach  numbers.  Some  typical  results  are  presented  in  Figures  IV.  62  cuid  IV. 63, 
which  show  the  rolling-up  of  the  vortex  sheet  at  various  distances  behind  a  65° 
leading  edge  sweep  delta  wing  at  incidences  of  4°  and  8°.  At  4°  incidence  the 
results  are  quite  normal  and  the  edges  of  the  vortex  sheet  are  clearly  defined,  but 
at  8°  it  is  possible  that  the  higher  velocities  inside  the  vortex  region  caused  a  drop 
in  temperature  sufficient  to  cause  condensation  to  occur  at  a  greater  rate  than  the 
fog  particles  could  be  swept  from  the  core  of  the  vortex.  At  the  most  rearward 
station  there  is  a  complete  'image  reversal’  effect,  the  vortex  sheet  appearing  white 
on  a  relatively  dark  background. 

The  conclusion  drawn  from  those  tests  is  that  the  lowest  Mach  number  at  which  the 
vapour  screen  technique  is  practicable  is  approximately  0.85,  but  this  may  be  rather 
too  low  if  the  shape  of  the  model  or  the  range  of  incidence  over  which  it  is  to  be 
examined  is  such  that  flow  expansion  around  the  model  causes  excessive  local  con¬ 
densation. 


IV. 8  USE  OF  LIQUIDS  OTHER  THAN  WATER  FOR 

VAPOUR  SCREEN  PRODUCTION  ••  •  - 

An  undesirable  feature  of  the  vapour  screen  technique  is  that  at  Mach  numbers 
greater  than  about  t.8  a  condensation  shock  ocours  upstream  of  the  working  seotion  at 
a  humidity  leas  than  that  necessary  to  produoe  a  satisfactory  vapour  soreen.  This 
shock  reduces  the  actual  Mach  number  below  the  nominal  for  the  nozzle,  increases  the 
static  pressure  and  nay  produce  flow  disturbances  In  the  workiug  section. 

The  condensation  shock  is  oaused  by  the  sudden  liberation  of  the  latent  boat  of 
evaporation  when  vapour  condenaos  into  liquid,  and  to  first  order  the  strength  of  the 
shock  and  its  effect  on  the  flow  are  direotly  proportional  to  the  amount  of  heat  added 
per  unit  mass  of  air.  It  is  possible  to  reduce  »h«  strength  of  the  shook  for  a  given 
degree  of  condensation  by  Increasing  the  total  pressure,  but  the  improvement  available 
Is  strictly  limited  hy  the  design  of  the  tunnel.  A  more  fundamental  approach  lies  in 
the  use  of  liquids  which  have  a  lower  latent  heat  of  evaporation  than  water.  Now  the 
latent  heat  h  and  molecular  weight  m  are  related  by  h  x  m  =  C  x  Tb  (Trouton'a 
Rule),  where  Tb  is  the  boiling  temperature  and  C  la  a  constant  which  has  the  value 
ft  for  suhutuiises  which  uro  unaasoclalod  in  both  tho  liquid  and  vapour  states.  It 
therefore  fellows  that  a  liquid  of  high  molecular  weight  will  have  a  lm>  latent  heat 
of  evaporation.  The  advantage  that  could  ho  gained  from  liquids  having  a  lower 
twilling  point  is  negligible  in  comparison  with  that  available  from  the  high  values  of 
moieoulw*  weight  that  are  physically  attainable. 

The  properties  desirable  in  a  liquid  whose  use  ie  contemplated  for  vapour  soreen 
production  can  be  summarised  as  follows.  It  must  be  (a)  chemically  stable,  (b)  of 
high  moleculai  weight,  (o)  of  low  toxicity,  (d)  non-corrosive,  (e)  non-inflammable, 

(f)  preferably  readily  available  commercially,  and  (g)  have  a  saturated  vapour  density 
sucb  that  (i)  a  sufficient  quantity  can  be  introduced  before  ret-hing  saturation  under 
stagnation  conditions,  (11)  an  cxc-salve  quantity  is  not  required  to  produoe  saturation 
at  the  working  section  static  temperature.  The  number  of  liquids  satisfying  all  these 
conditions  is  quite  small  and  the  moat  promising  appear  to  be  a  group  of  organic 
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chlorine  compounds,  carbon  tetrachloride*.  CC14,  tetrachlorethylene,  C2C14, 
tetrachloroethane,  C2H2C14,  and  pentachloroethane,  C2HC15>  n-Octane,  C8Hle,  ard 
turpentine,  C10H16,  are  also  attractive  in  that,  due  to  their  low  specific  gravity, 
their  latent  heats  per  unit  volume  are  some  ZCs%  less  than  any  of  those  listed  above, 
but  the  fire  risk  obviously  renders  their  use  impracticable.  Data  pertaining  to  all 
these  compounds  are  given  in  Reference  IV. 7,  and  the  density  of  their  saturated 
vapours  as  a  function  of  temperature  has  been  estimated  fiom  the  values  of  saturated 
vapour  pressure  quoted  therein:  the  results  are  plotted  in  Figure  IV. 64. 

It  was  decided  to  carry  out  a  test  using  carbon  tetrachloride  as  bulk  supplies 
were  immediately  available,  the  relevant  physical  properties  of  carbon  tetrachloride 
and  water  are  compared  in  the  Table  below: 


CC1„ 

Water 

Specific  gravity  at  0°C 

1.63 

1.00 

Boiling  point  at  760  mm  Hg,  °C 

76.8 

100 

Freezing  point,  °C 

-23 

0 

Molecular  weight 

154 

18 

Latent  heat  of  evaporation  (C.H.U./lb) 

46.4  at  76.8°C 

595  at  0°C 

Latent  heat  of  fusion  (C.H.U./lb) 

4.16 

79,7 

Speoific  heat  of  liquid  (C.H.U./lb  °C) 

0.20 

1.00 

Surface  tension  at  20°C  (dy.i8s/on) 

27 

72.7 

The  test  was  made  at  a  nominal  Mach  number  of  2.00,  with  a  total  pressure  of 
9.00  in.  Hg,  and  a  total  temperature  of  approximately  47°C.  The  air  was  dried  as 
thoroughly  as  possible  before  admitting  any  carbon  tetrachloride.  The  liquid  was 
injected  into  the  diffuser  one  pint  (0.57  litre)  at  a  time  and  the  working  section 
static  pressure  measured.  Condensation  could  first  be  detected  visutlly  after  4  pints 
(2.3  litres)  had  been  added,  and  by  the  time  8  pints  (4.6  litres)  were  added  the 
vapour  soreen  was  adjudged  to  be  sufficiently  dense  to  permit  satisfactory  photographs 
to  be  taken.  The  soreen  appeared  a  deep  bluish-violet  colour  viosad  from  the  side  of 
the  tunnel. 

The  inorease  in  static  pressure.  p/pdry  ,  with  quantity  of  oarbon  tetrachloride 
in  the  tunnel  is  shown  in  Figure  IV.  54.  Between  2  and  6  pints  (1.1  to  3.4  litres) 
the  mean  slope  Is  approximately  one-soventh  that  when  using  water,  which  is  roughly 
the  ratio  predieted  by  simple  theory.  With  8  pints  In  the  tunnel,  p/Pdry  ®  1.040 
and  tho  actual  Mach  number  -  1,96,  approximately.  Using  6  pints  of  water  at  tbe  same 
total  temperature  and  pressure,  p/pj  =  1-205  and  the  aotual  Mach  number  =  1.88. 

It  la  thus  seen  that  the  severity  of  the  condensation  shook  may  be  greatly  reduoed  by 
the  use  of  uarbon  tetrachloride  in  place  of  water. 


*  The  saturated  vapour  of  carbon  tetrachloride  la  over  300  tlaea  ax  denae  as  that  of  water  at 
low  teaperaturea  and  Initially  there  waa  aoaa  doubt  aa  to  whether  it  would  satisfy  condition 
atll)  above,  that  la  whether  a  sufficient  degree  of  mperaaturatlon  could  be  obtelned  with  a 
reasonable  quantity  of  the  liquid.  However,  results  proved  this  fear  groundless,  at  least 
at  H  *  2.0.  All  the  other  coapounda  mentioned  have  a  considerably  lower  saturated  vapour 
density  than  oarbon  tetrachloride  at  the  same  teaperature. 
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Some  photographs  of  the  flow  just  behind  the  trailing  edge  of  a  65°  leading  edge 
sweep  delta  wing  with  a  Vr  thick  biconvex  section  obtained  using  the  carbon  tetrach¬ 
loride  screen  are  presented  in  Figure  IV.  65,  with  the  corresponding  photographs  using 
water  in  Figure  IV.  66  for  comparison.  'Ihe  general  quality  of  the  photographs  is 
similar  in  the  two  cases,  and  the  most  noticeable  difference  is  that  with  the  carbon 
tetrachloride  screen  (and  higher  working  section  Mach  number)  the  shock  wave  visible 
on  top  of  the  vortex  et  incidences  of  6°,  8°  and  10°  is  located  approximately  6%  of 
the  semi-span  further  inboard. 


IV. 9  CONCLUSIONS 

The  vapour  screen  technique  affords  a  simple  and  practical  method  of  flow  visuali¬ 
zation  at  supersonic  speeds,  and,  with  some  limitations,  may  even  he  employed  at  Mach 
numbers  as  low  as  0.85.  It  is  capable  of  providing  much  useful  information  about  the 
flow  over  and  behind  wings  and  bodies,  such  details  as  Wrtices,  vortex  sheets,  lines 
of  flow  separation  or  re-attachment  and  shock  waves  being  rendered  clearly  visible. 

A  high  standard  of  temperature  uniformity  over  the  working  section  is  essential  if 
good  results  are  to  be  obtained,  and  to  achieve  such  a  standard  in  the  3  ft  tunnel 
entailed  shutting  off  the  aftercooler  and  running  at  reduced  total  pressure  at  a  total 
temperature  of  40°  to  50°C.  Close  control  of  the  humidity  is  also  necessary,  the 
procedure  used  consisting  of  running  the  tunnel  with  the  driers  in  circuit  to  reduce 
the  humidity  to  a  low  level  (corresponding  to  a  frost-point  of  about  -40°C>,  switching 
off  the  driers,  and  then  injecting  measured  quantities  of  water  into  the  diffuser. 

The  humidity  required  to  produce  an  optimum  density  of  fog  in  the  working  section 
(from  the  point  of  view  of  obtaining  the  best  photographs  of  the  vapour  screen  picture) 
is  fairly  oritioal,  and  is  affeoted  by  Mach  number,  total  proasuro  and  temperature. 

With  a  total  pressure  of  12  in.  Hg  and  a  total  temperature  of  45°C  it  was  found  that 
the  optimum  humidity  reached  a  minimum  value  at  about  M  s  1,6  ,  increasing  very 
rapidly  below  this  Mach  number  and  rether  slowly  above  it.  At  Mach  numbers  up  to  and 
Including  1.51  (with  the  above  conditions  of  temperature  and  pressure)  the  screen  had 
an  iridescent  appearance  due  to  diffraotion  of  the  light  beam  by  tho  fog  particles. 

An  estimate  of  the  size  of  the  particles  based  on  the  position  of  the  coloured 
diffraction  bands  at  Ms  1.41  gave  the  radius  as  approximately  3  x  in"5  in., 
corresponding  to  a  particle  density  of  about  107  per  oubio  in.  In  this  Mach  number 
range  it  was  possible  to  obtain  sufficient  condensation  to  fora  a  satisfactory  vapour 
soreen  without  affecting  either  the  working  section  static  pressuro  or  Mach  number 
and  it  is  suggested  that  condensation  occurred  on  foreign  condensation  nuolel. 

At  higher  Mach  numbers  the  vapour  eoreen  was  pale  blue  in  colour  and  the  fog 
probably  consisted  of  ioe  crystals  rather  than  water  droplets.  Condensation  ooourred 
at  a  condensation  xhnek  1°  the  nozzle  upstream  of  the  working  section,  whloh  increased 
the  static  pressure  and  decreased  the  Mach  number  in  the  working  seotion.  Tests  at  a 
nominal  Mach  number  of  3.00  showed  that  the  variation  of  Mach  number  and  static 
pressure  with  humidity  agreed  well  with  the  first  order  theory  of  Monaghan  at  low 
humidities,  but  the  theory  was  unduly  pessimistic  of  the  effeot  on  Mach  number  In  the 
range  of  humidity  neoeemuj  to  produce  a  satisfactory  vapour  screen. 

The  quality  of  the  vapour  screen  pioture  was  generally  superior  at  Maoh  numbers 
above  1.51,  this  being  ascribed  to  the  smsUer  size  of  the  fog  particles  due  to  tho 
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uiiierent  mecnaiusm  of  condensation.  At  lower  speeds  the  flow  in  the  working  section 
was  still  supersaturated  and  patches  of  additional  local  condensation  caused  by  flow 
expansion  around  the  model  were  frequently  observed.  Under  certain  conditions,  and 
particularly  at  M  =  1. 32  ,  these  condensation  patches  or  streaks  formed  an'  intricate 
pattern  superimposed  on  the  normal  vapour  screen  picture. 

The  adverse  effects  of  the  condensation  shock  on  the  flow  at  the  higher  Mach 
numbers  may  be  alleviated  by  the  use  of  liquids  with  a  lower  latent  heat  of  evaporation 
than  water.  A  test  at  a  nominal  Mach  number  of  2.00  showed  that  a  vapour  screen 
picture  of  a  quality  comparable  with  that  obtained  using  water  vapour  could  be  pro¬ 
duced  with  carbon  tetrachloride  vapour.  The  actual  Mach  number  in  the  working  section 
was  1.96,  compared  with  a  value  of  1.88  when  using  water  vapour. 
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APPENDIX  IV. 1 

The  Mechanism  of  Condensation  at  Mach  Numbers  Less  than  1.3 


It  is  suggested  in  Section  IV.  4. 5  that,  at  Mach  numbers  up  to  and  including  1.51, 
condensation  is  occurring  principally  on  foreign  nuclei  rather  than  on  nuclei  generated 
spontaneously  in  the  supersaturated  vapour  by  random  molecular  aggregation.  Since 
this  is.  pt  variance  with  the  commonly  accepted  view  of  the  mechanism  of  condensation 
in  wind  tunnels  at  supersonic  speeds,  the  matter  will  be  considered  in  some  detail. 


We  will  first  attempt  to  shew  that  the  size  of  the  droplets,  as  estimated  from 
observation  of  the  coloured  diffraction  bands  at  M  =  1.41  ,  is  of  the  same  order  as 
that  predicted  theoretically  on  the  assumption  that  a  droplet  starts  to  form  around  a 
condensation  nucleus  at  the  point  in  the  nozzle  where  the  water  vapour  is  just 
saturated  and  continues  to  grow  on  its  passage  down  the  nozzle  by  a  process  of  dif¬ 
fusion  of  water  vapour  onto  the  surface  of  the  droplet.  To  perform  this  calculation 
it  is  necessary  to  make  an  assumption  concerning  the  variation  of  the  density  of  the 
uncondensed  water  vapour  along  the  length  of  the  nozzle.  This  variation  is  known 
when  there  is  no  condensation,  but  is  indeterminate  once  condensation  has  started 
unless  the  number  of  droplets  Is  also  known.  Consequently,  the  calculated  value  of 
the  droplet  radius  must  be  regarded  as  a  rough  estimate  only,  but  its  order  of 
magnitude  should  be  correct. 


Hie  equation  governing  the  rate  of  growth  of  a  droplet  in  a  moving  airstream  is 
given  hy  Oswatitsch  in  Reference  IV.  13  as 


r  £  =  w  ~  wsat  p 
dx  \  u 


where 


u 


radius  of  tho  (spherical)  droplet 
axial  coordinate 

density  of  the  uncondensed  vapour  surrounding  the  droplet 
density  of  saturated  vapour  at  the  surfaoe  of  the  droplet 
density  of  the  liquid  forming  the  droplet  =  62.4  lb/ft3 
ooeffioient  of  diffusion  of  water  vapour  in  air 
velocity  of  the  airstream. 


This  equation  may  be  integrated  to  give 


A  = 


=  2 


/  *_uwD. 

i  *1.  U 


•  dx 


where  I  is  the  distance  travelled  by  the  drop  since  its  formation.  In  the  case  of 
the  flow  through  a  supersonic  nozzle,  all  the  quantities  on  the  right  hand  aide  of  this 
equation  (with  tho  exception  of  w^  )  are  functions  of  x  ,  but  it  may  be  shown  that 
in  the  Maoh  number  range  we  are  concerned  with  here  (1.0  to  1.5  approximately)  the 
ratio  D/u  1r  very  nearly  oonstant,  so  that 
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r 


2 


)  dx  . 


Unfortunately,  the  variation  of  (w  -  with  distance  along  the  nozzle  is  in- 

determinate,  but  we  can  obtain  a  rough  estimate  of  the  d"cplot  radius  by  assuming  a 
simple,  plausible  variation  of  (w  -  wsat)  with  x  .  For  example,  suppose  we  assume 
that  (w  -  wsat)  Increases  linearly  with  x  .  We  then  have  for  the  radius 


r  s  * 

//  D\ 

,ir 

*  A 

yW 

*l  L 

satj 

Let  us  consider  the  case  of  M  =  1. 4  ,  with  a  total  pressure  pt  of  12.0  in.  Hg, 
a  total  temperature  Tt  of  45°C,  and  with  12  pints  (6.8  litres)  of  water  added  to  the 
tunnel.  The  flow  becomes  just  saturated  at  a  point  in  the  nozzle  where  the  local  Mach 
number  is  0.98,  and  in  accordance  with  our  initial  hypothesis  it  will  be  assumed  that 
condensation  starts  from  this  point.  From  Reference  IV. 6,  the  distance  from  this 
point  to  the  centre  of  the  working  section,  i.e.  the  distance  2  ,  is  9.5  ft.  The 
coefficient  of  diffusion  D  is  given  by  Oswatitsch  as 

D  =  0.  000225  *(T/273)  1,86  •  (30/p)  ft  J/seo 

so  that  the  mean  value  of  D/u  between  M  =  1.0  and  M  =  1.4  is  0.93  x  10*8  ft 
for  the  conditions  speoified  above.  The  working  seotion  static  temperature  is  -43°C 
under  isentropio  conditions,  and  from  Figure  IV. 51  the  corresponding  density  of 
saturated  water  vapour,  wgat  ,  is  5. 1  x  10"8  lb/ft3  .  If  wo  assume  that  half  of 
the  water  vapour  has  oondensed  at  the  working  seotion,  the  aotual  density  of  the 
unoondensed  vapour  is 


12  x  1.25/  p\ 
45,000  UL  i.e 


73  x  10"8  lb/ ft3. 


Inserting  these  values  in  the  equation  for  r  gives  a  droplet  radius  of  3.8  x  10'8in., 
which  is  considered  to  be  in  quite  reasonable  agreement  with  the  value  of  3  x  10*8 in. 
estimated  from  observation  of  the  ooloured  diffraction  bands  at  M  =  1.41  . 


If  we  again  assume  half  of  the  vapour  to  have  oondensed  by  the  time  the  working 
section  is  reaohed,  and  taking  the  droplet  radius  as  3  x  10*8  in.,  the  number  of 
droplets  in  this  case  >  rks  out  at  107  per  ou. in.  Therefore  if  condensation  is 
occurring  on  foreign  condensation  nuolei,  there  must  be  at  least  this  number  of 
nuolei  present  in  the  air  in  the  tunnel.  At  first  sight  this  may  appear  to  be  an 
excessive  number,  but  in  faot  is  less  than  the  number  that  have  been  measured  in 
ordinary  room  air,  and  is  of  the  same  order  as  that  found  in  an  urban  atmosphere. 

We  thus  oonclude  that  the  size  and  number  of  the  droplets  are  not  inconsistent  with 
the  proposition  that  condensation  is  occurring  on  foreign  nuolei. 


The  theory  of  raoleoular  nuoleus  formation  is  based  on  the  kinetic  theory  of  gases, 
and  whilst  complicated  in  detail,  the  results  may  be  expressed  comparatively  simply. 
It  ia  found  that  the  rate  of  nucleus  formation  per  unit  volume  depends  on  two 
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parameters  -  the  temperature  and  the  ratio  of  the  actual  vapour  pressure  to  the 
saturation  vapour  pressure,  i.e.  the  supersaturation. 

Burgess  and  Seashore  in  Reference  IV.  20  present  a  chart  of  the  rate  of  nucleus 
formation  as  a  function  of  the  supersaturation  and  stream  temperature.  At  a  Mach 
number  of  1.4,  with  a  total  temperature  of  45°C  and  a  static  temperature  of  -43°C, 
the  relation  between  the  supersaturation  S  and  the  rate  of  nucleus  formation  J 
(expressed  as  the  number  of  nuclei  generated  in  1  cu.in.  of  vapour  while  travelling  a 
distance  of  1  ft)  is  as  follows: 

J  S 


1 

10.0 

in2 

11.3 

10" 

12.9 

106 

15.2 

108 

18.2 

10l° 

22.2 

1012 

28.7 

Thus  the  number  of  self-generated  nuclei  becomes  of  the  same  order  as  the  number  of 
droplets  estimated  to  be  present  when  a  16-fold  supersaturation  is  attained. 

Referring  to  Figure  IV.  50,  it  is  seen  that  at  M  -  1.4  condensation  is  first 
detectable  in  the  working  seotion  at  just  this  level  of  supersaturation.  This  might 
be  considered  excellent  agreement  between  theory  and  experiment  and  fully  Justifying 
the  assumption  that  in  supersonio  tunnels  condensation  is  due  to  self-generated 
nuolei,  but  there  are  reasons  for  supposing  that  this  agreement  is  fortuitous.  If 
the  supersaturation  is  increased  by  increasing  the  initial  humidity  a  comparatively 
small  amount,  the  rate  of  nucleus  formation  increases  by  several  orders  of  magnitude, 
whioh  would  oause  a  sudden  and  oomplete  collapse  of  tho  supersaturated  state,  i.e. 
a  condensation  shock.  The  experimental  results  do  not  reveal  the  exlstenoe  of  any 
such  shock  in  the  Mach  number  range  under  consideration  until  humidities  rather 
greater  than  that  found  necessary  to  produoe  a  satisfactory  vapour  soreen.  There  is 
also  the  evidence  (Bection  IV. 5.4)  that  the  flow  in  the  working  section  is  still  well 
supersaturated,  although  this  is  not  the  case  at  the  higher  Mach  numbers  when  con¬ 
densation  does  occur  at  a  condensation  shook. 

The  moleoular  nucleus  formation  theory  disregards  an  important  factor  when  applied 
to  the  flow  in  wind  tunnels.  This  is  the  effect  of  the  temperature  gradient  along 
the  nozzle  (Rei.  IV,  21).  Suppose  we  express  the  supersaturation  not  as  the  ratio  of 
the  actual  pressure  of  the  supersaturated  vapour  to  the  saturatod  vapour  pressure, 
but  as  the  'adiabatio  supercooling'.  This  is  defined  as  the  difference  in  temperature 
between  the  point  in  the  nozzle  at  whioh  the  vapour  is  just  saturated,  and  the  actual 
vapour  temperature.  At  M  =  1. 4  and  with  a  16-fold  supersaturation  in  the  working 
section  (where  the  static  temperature  is  -43°C),  the  flow  is  just  saturated  at  a 
point  in  the  nozzle  where  the  looal  static  temperature  is  -l?°C.  Thus  the  adiabatic 
supercooling  is  31°C,  which  is  a  fairly  tvnloal  value  of  the  superoooling  neoesaary 
to  cause  condensation,  as  given  by  this  theory.  However,  there  is  experimental 
evidenoe  (Ref. IV.  21)  that  even  in  largo  tunnels  condensation  effects  are  rarely 
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encountered  with  an  adiabatic  supercooling  of  less  than  40°C  and  in  a  small  tunnel 
this  may  rise  to  60°  or  70°C  or  more.  A  change  in  the  adiabatic  supercooling  trom 
3l°C  to  40°C  represents  an  increase  of  over  100%  in  the  supersaturation. 

It  is  therefore  considered  that  at  the  lower  supersonic  speeds  the  weight  of 
evidence  is  against  the  theory  that  condensation  is  due  to  self-generated  nuclei,  and 
it  appears  that  foreign  nuclei  are  primarily  responsible.  It  must  be  emphasised, 
however,  that  this  conclusion  is  only  valid  for  the  3  ft  tunnel  for  the  particular 
conditions  of  pressure  and  temperature  under  which  it  was  operated,  and  will  not 
necessarily  be  true  in  general.  For  example,  a  reduction  in  total  temperature  while 
keeping  the  stagnation  humidity  constant  will  have  little  effect  on  the  rate  of  growth 
of  a  droplet  forming  around  a  foreign  condensation  nucleus,  but  it  will  increase  the 
adiabatic  supercooling,  thus  greatly  increasing  the  likelihood  of  self-generated 
nuclei  dominating  the  condensation  process.  It  might  well  be  found  that  at  a  total 
temperature  of  15°C  the  presonce  of  foreign  nuclei  is  significant  only  at  Mach  numbers 
less  than  about  1.2. 

The  effect  of  a  reduction  in  tunnel  size  is  interesting.  The  shorter  distance 
between  throat  and  working  section  is  obviously  unfavourable  to  the  growth  of  droplets 
on  foreign  nuclei,  which  tends  to  increase  the  supersaturation  of  the  uncondensed 
vapour,  thus  increasing  the  probability  of  moleoular  nucleus  formation.  However,  the 
steeper  temperature  gradient  in  the  shorter  nozzle  Increases  the  adiabatic  supercooling 
necessary  to  cause  condensation.  It  is  therefore  difficult  to  prediot  the  effect  of  a 
reduction  in  tunnel  size  on  the  mechanism  of  condensation,  but  it  is  oertain  that  to 
produce,  at  the  same  Mach  number  and  total  pressure,  a  vapour  screen  of  equal  density 
in  a  small  and  in  a  large  tunnel,  then  the  stagnation  humidity  must  be  greater  in  the 
former  oase  than  in  the  latter. 


141 


APPENDIX  IV. 2 

Estimation  of  Working  Section  Mach  Number  and  Static  Pressure 
when  a  Condensation  Shock  is  Present  in  the  Nozzle  at  MJry  =  2.0 


Monaghan  (Ref.  IV.  14)  has  derived  the  following  approximate  relations  for  the 
working  section  static  pressure  and  Mach  number  when  a  condensation  shock  is  present 
in  the  nozzle: 


P 

^dry 


1  + 


LMdry 


-  (1  +  yM‘)  -  yu\ 


M 

“dry 


(1  +  yH*)  (l  +  £ji  hQ 


"dry 


-  1 


CPTt 


where 


q 

cp 

Tt 


Mach  number  just  ahead  of  the  condensation  shock 

heat  input  per  unit  mass  of  gas  (C.H.U./lb) 

speoifio  heat  of  air  at  constant  pressure  (0.24  C.H.U./lb  °C) 

total  temperature  of  the  air  ahead  of  the  shock  (°X). 


Before  these  expressions  oan  be  evaluated  It  is  first  neoeasary  to  estimate  the  value 
of  Mj  ,  and  this  has  been  done  by  assuming  a  constant  adlabatlo  superoooling  of  50°C 
(see  Appendix  IV. 1),  which  corresponds  to  condensation  effects  being  Just  deteotable 
at  a  frostpolnt  of  -37°C  with  an  initial  total  temperature  of  47°c.  It  is  assumed 
that  tho  wot  air  expands  isentropically  through  the  nozzle  until  condensation  occurs, 
and  that  the  density  and  teaperature  of  the  small  quantity  of  water  vapour  present 
vary  directly  as  that  of  the  much  larger  mass  of  air.  The  temperature  T|at  at 
whloh  the  vapour  is  just  saturated  may  then  be  found  for  any  stagnation  vapour  density 
by  oroas-plotting  on  Figure  IV,  51.  With  a  total  temperature  T,  of  47°C  and  assuming 
an  initial  vapour  density  of  0.7  x  10* 5  lb/ ft*  (corresponding  to  a  frostpolnt  of  -40°C) 
for  the  'diy'  tunnel,  we  can  calculate  Mj  as  follows.  W  is  the  quantity  of  water 
added  to  the  tunnel,  wt  the  density  of  the  water  vapour  in  the  settling  chamber  and 
the  temperature  just  ahead  of  the  condensation  shock. 


V 

*aat 

Ti 

VTt 

“i 

lb 

lb/ftJ 

°0 

°C 

2. 5 

6.3  x  10*' 

•24 

-74 

0.673 

1.74 

5.0 

11.8  x  10"* 

•18 

•68 

0.641 

1.67 

7.5 

17.3  x  10* J 

-13 

-63 

0.657 

1.62 

In  oaloulating  q  it  has  been  assumed  that  all  the  water  vapour  is  condensed  out 
at  the  shook,  and  that  ice  crystals  rather  than  water  droplets  are  formed,  no  a  total 
latent  heat  h  of  690  C.H.U./lb  has  besn  used.  With  a  total  pressure  of  9  in.  Hg, 
the  density  of  the  air  in  the  settling  chamber  is  0.0318  lb/ ft*.  Since 
q  =  hwt/pt.  we  have  finally: 
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*  «i  <l/CpTt  M 
lb 


P/Pdry 


2.5 

1.74 

0.026 

1.92 

5.0 

1.67 

0.049 

1.86 

7.5 

1.62 

0.072 

1.80 

1.07 
1. 13 
1. 18 


iTJ  have  been  added  to  Figure  IV.  54. 


These  values  of  it  and  p/p 
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PART  V.  BIBLIOGRAPHY 


V. 1  INTRODUCTION 

In  Parts  I  to  IV  of  this  AGARDograph  references  we  made  to  papers  which  bear 
directly  on  the  subjects  being  discussed.  These  papers  are  listed  at  the  end  of  each 
section.  Hie  list  of  papers  given  in  the  Bibliography  is  intended  to  give  references 
over  the  whole  range  of  Indicator  flow  visualization  techniques  and  particularly 
those  techniques  which  are  too  well  established  to  be  dealt  with  in  the  text.  It 
does  not  seen  appropriate  to  attempt  an  exhaustive  list  in  a  paper  with  this  title 
but  a  representative  selection  uf  papers  in  English  has  been  chosen  together  with  a 
fe*  in  other  languages  where  they  are  known  to  oontain  additional  information. 


V. 2  GENERAL  REFERENCES 

B.  1  July  1972 

Gough,  M.N.  and  Johnson,  E. 

Methods  of  Visually  Determining  the  Air  Flow  Around  Airplanes. 

NACA  TN  423. 

(Streamers,  laapblaok  and  kerosene,  fine  powder  and  smoke) 

B.  2  1933 

Clerk,  K.W. 

Methods  of  Piiuafiting  Airflow  with  Observations  on  Several  Airfoils  in 
the  mind  Tunnel. 

ARC  R  ft  If  1332. 

(Tufta,  moke,  chalk,  laapblaok  and  Lookapelaor'a  aethod  of  absorbent 
paper,  lead  hydroxide  and  aaoniuti  sulpnide) 

B.  3  1938 

Goldstein,  6.  (Editor) 

Modem  DevelopstenU  in  Fluid  Dynasties  Vol.i,  pp.2#0-288. 

Oxford,  Clarendon  Press,  1938. 

B.  4  Noveaber  1948 

Preston,  J.H. 

Visualisation  of  Boundary  Layer  Flows, 

ARC  R  ft  H  2207,  ARC  10,094. 

B.  3  1932 

Pankhurst,  R.C.  and  Holder,  D.«. 

Mind  Tunnel  Technique;  An  Account  of  Bxpenmental  Methods  in  Low  and 
IH$ h  fyeed  Mind  Titnnels, 

Pitman,  London,  1932. 

R.  8  June  1933 

Ballnt,  E. 

Technique*  of  Flow  Visual  not  urn:  A  Discussion  of  the  Fundament uls  with 
tsasqites  oj  techniques  Used  in  lie  starch. 

Aircraft  EUlneerlna  (»9?3)  June.  pp.  181*  107. 
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B.  7  August  1955 
Porry,  C.C. 

Visual  Flow  Analysis, 

Product  Engineering  August  1955,  pp. 154  •  161. 


V. 3  METHODS  USING  DRV  ICE 

B.  8  December  1953 
Sellerio,  A, 

lapiego  del  Qiiaccio  Sacco  nulla  Visualizzasione  della  Corrent  i  d'Aria. 
(0\  the  Use  of  Dry  Ice  for  the  Visualization  of  Air  Streams. ) 

L'  Aerotecnloa  3_3  (195a)  6  (December)  ,  pp.398  -  400. 


V. 4  METHODS  USING  OUST  AND  BALSA  DUST 

B.  9  November  1950 

Taylor,  M.  K. 

A  Balsa-Dust  Technique  for  Airflow  Visual iea! ion  and  its  Application  to 
Flow  Through  Model  Helicopter  Rotors  in  Static  Thrust, 

NACA  TN  2220. 

B. 10  April  1955 

Smith,  A.M.O.  and  Murphy,  J.8. 

A  Dust  Method  for  Locating  the  Separation  Point. 

Journal  of  the  Aeronautical  Sciences  22  (IMS)  4  (April),  pp. 273,  274. 


V. 5  METHODS  USING  ELECTRIC  SPARKS 

8. 11  January  1950 
Baheki,  Y. 

Ot  the  Measurement  of  Hind  (Tunnel)  Velocity  (Distributions)  by  the 
Electric  Spark  Method. 

National  Research  Council,  Canada,  Tech.  Translation  No.  TT-100. 

(TIL  No. P.34187) 

8.12  January  1056 
Bomelburg,  H.J. 

A  Method  for  the  Measurement  of  the  Flow  of  Air  by  Means  of  a  Series  of 
Electric  Sparks. 

Maryland  Untv.  IN  BN  W. 

ATOM  7N  58*38,  ASTIA  AD  805*9,  (TIL  No. P.64987). 

B.  13  July  1987 

Hertog,  J.  and  feahe,  J.R. 

Characteristics  of  the  Technique  of  Aerodynamic  Investigation  by  Means 
of  Electric  Sparks. 

Maryland  Uolv.  TM  BN  105.  U.B.A.  AP0R8  TN  57*357,  ASTIA  AD  132,432. 
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B.  14  \pril  1958 

Wealte,  J.R. 

Application  of  the  Electric  Spark  Method  to  the  Investigation  of 
Transonic  Flow  Past  Airfoils  and  Airfoil  Grids. 

Maryland  Univ.  TO  BN  128,  U.S.A.  AF06R  TO  58-304.  ASTIA  AD  154,214. 

B.  15  January  1959 

Boaelburg,  H.J, ,  Herzog,  J.  and  Weske,  J.R. 

The  Electric  Spark  Method  for  Quantitative  Measurements  in  Flowing  Gases. 
Maryland  Univ.  TO  BN  157,  U.S.A.  AFQSR  TO  59-273, 

ASTIA  AD  212,707  (70,  No.!*. 77300). 


V. 6  METHODS  USING  OIL  FLO« 

B.  16  October  1938 

Abbott,  I.H.  and  Shenaan,  A. 

Flow  Observations  with  Tufts  and  Lawpbiack  of  the  Stalling  of  Four 
typical  Airfoil  Sections  in  the  MAC  A  Variable-Density  Tunnel . 

NACA  TO  072. 

B.17  June  1950 

Kota,  O.r.  and  Hlila,  R, 

Viiuaiitatio.1  of  the  Flow  at  the  5tal l  on  Mind  Thnnel  Models. 

Unpubliehed  MOA  Report  ARC  13599. 

(•bite  oil,  ttadlua  gearbox  oil  -Duckhana  ft  400  is  used) 

8.  18  February  1953 

Mancnl,  L.R.  and  Cadwell,  J.D. 

An  Oil  Spray  Technique  Sai table  for  Viaual  Transonic  Flow  Observation*. 
United  Aircraft  Corp..  0.8, A.  Rea.  Dept.  Report  R-14107-ll. 

1.19  Septeaber  1954 

Halnee,  A.  B. 

Some  Notes  on  the  Flow  Patterns  Obse.ued  over  Various  Swept  back  Mings 
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ARC  17067.  Ubpubliabed  MM  Report. 

(Tlteataa  oxide  technique) 

8.30  October  IBM 

jobnaon,  H.l.  and  Mungell.  R.O. 

A  Preliminary  FU  jit  Investigation  of  an  Oil-Flow  Technique  for  Air-flow 
Visualisation. 

NACA/TIt/4473.  KACA  Ml  LB4014a. 

B.  31  October  1950 

Baxxoccbl,  8, 

Boundary  Layer  Flow  Fiaunlitaticn  Test*  in  a  Low  Velocity  Mind  Tunnel. 
(In  Italian). 

L*  Aerotecnlca  3§  (1958)  5  (October),  pp.  313  -  332. 

(KeroMne  -  carbon  black) 
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B.  22  1357 

Persoz,  S.  and  Grenier,  G. 

Enduits  de  Visualisation  a  Base  At  Corps  Gras. 

La  Recherche  A^rcnautlque  No. 60  Septesber  -  October  1957,  pp,  19-  22. 
(Coating  materials  ahieh  melt  at  ceaperatures  of  30°  or  40°C. ) 

8.23  March  '958 

Ogle,  J.S. 

Mcnorar.dm  on  the  fluorescent  OH  flow  Visualization  System. 

Southern  California  Co-opeiatlve  wind  Tunnel  Project  No.K-323. 
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Loving,  D.b.  and  Kataaff,  8, 

The  Fluorescent -Oil  File  Method  and  Other  Techniques  for  Boundary-Layer 
Flow  Visualization. 
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8,25  Auguet  1959 

Carter,  E.C, 

Model  T'eztini  in  the  ABA  Co-operative  Hind  Tunnels. 

aha  srr  Note  29. 

8.36  February  i960 

Squire,  (.  C. 

The  Motion  of  a  7?no  Oil  Sheet  under  the  Boundary  Layer  on  a  Body. 

Jtom.  Wald  M»nh.  Vb1.I1>  1961,  Part  3,  dune, 

0.27  July  1980 

Staabrook.  A. 

An  Experimental  Study  of  the  Glancing  Interaction  Between  a  Shock  Bow 
and  a  fWrbwlent  Boundary  Layer, 

ARC  CP  555. 

8.28  .  August  I960 

,  :  etanbrook.  A. 

The  Surface  Oil  Flow  Technique  Vted  in  High  Speed  kind  Tunnel*. 
CapublUbad  MBA  Report  ARC  223*5. 

8.29  August  I960 
Maltby,  8.1.. 

Flow  Vituohiution  iff  Low  Speed  find  Tunttelt:  Current  British  Practice. 
Unpublltbed  MCA  Report  ARC  23373. 


V.  7  MCt MOOS  USING  SROift 

8,30  January  1935 

Bryan..  L.8.  and  »lUt«r>.  D.H. 

BizcnnUntiout  Flow  Around  the  Ed$t  of  a  Bluff  Obstacle. 

ARC  RAM  962. 

(Snake  <et  of  amoalua  chloride  used  to  vi*ualii«  the  floe.) 


B.31  February  1930 

Slnmoncls,  L.  F.  0.  and  Dewey,  N.  S. 

Kind  Tunnel  Experiments  with  Circular  Disks. 

ABC  R  *  M  1334. 

B.32  May  1930 

Sinsaonds,  L.  F.  0.  and  Dewey,  N,  8. 

Photographic  Records  of  flow  in  the  Boundary  Layer. 

ARC  R  &  U  1335. 

(Vapour  of  volatile  liquids,  seoke  forced  through  chenisal  coobination 
of  two  vapours,  and  saoke  produced  by  the  chesinal  action  of  vapour  in 
the  presence  of  aoiat  air. ) 

0, 33  1031 

Tanner,  T. 

Movement  of  Smoke  in  the  Boundary  Layer  of  an  Aerofoil  Without  and  With 
Slot. 

ARC  B  &  U  1353. 

ft,  34  1932 

Farren.  f.S. 

Air  Flow;  Ml  ih  Demons  trot  tens  on  1 he  Screen,  by  if  eons  of  Smoke. 

Royal  Aeronaut!**!  Sswlety  Journal  3g  (1952;  pp.431  -  472. 

8. 35  1938 

valenai ,  ,1. 

Apphcat  (on  de  U  Hit  hade  Hes  film  tie  Fume*  a  l  'Etude  dee  Stamps 

Mr»tiyne»iipiu. 

Publications  sclehciftcueu  at  Techniques  &  Minlatir*  da  1' Air  Mo.  128. 

i  78  1939 

tippifoh.  A. 

Result!  fra m  the  Deutsche  Forschuagsertetalt  J for  Segtl/lug  Smoke  Tunnel. 
Soya!  Aeronautical  Society  Journal  43  (1939)  September.  pp.«53  -  672, 

S.  37  1943 

pmto*.  J.li  *sd  Swwtint.  N.Sf. 

I food  Smoke  e»  a  Stotts  of  Vuu<rti*in£  Boundary  t^yer  Flow  at  High  Reynolds 
Numbers, 

Rojal  Aeronautical  doctaty  Journal  47  (1943)  37  (Kerch),  pp.93-  102. 

a. M  eotobor  194* 

J.tl.  and  Sweet  la*.  N.E, 

An  l*??x<ftd  SmA>e  G*n eraior  for  use  ««  Ih*  iijud(t/af ion  c/  Airflow, 
paftioaiarty  Boundary  layer  Flow  al  High  Reynolds  Numbers, 
iSC  RAM  2023.  ARC  7l«. 

3.39  itarch  1*49 

Psv'dWMt.  l.M  .  fnrbaoSet  .  G.K.  and  ISaney.  L. E. 

An  Ittfirovrd  Hetfu xi  of  Flo v  ViuioUiufian  by  * Reflected *  Ligfi l. 

UopChifshM  MSA  Report  ARC  17371. 
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B. 40  September  1949 

Brotherhood,  P.  and  Stewart,  W. 

An  Experimental  Investigation  of  the  Flow  through  a  Helicopter  Rotor  in 
F-.r:.:  I  Flight. 

ARC  R  &  M  2734. 

B. 41  March  1950 

Salter,  C. 

Multiple  Jet  Iftiite  Smoke  Generators . 

ARC  10296,  13004,  ARC  R  &  U  2657. 

B.  42  April  1951 

Meljer  Drees.  J.  and  Hernial,  ».P. 

The  Field  of  Flow  Through  a  Helicopter  Rotor,  Obtained  from  Wind  Tunnel 
Smoke  Tests,  «—  - 

NLL,  Aasterdaa,  Rejn-rt  A.  1205. 

Aircraft  Engineering  23  (1951)  aG6  (April),  pp.  107  -  110. 

(Describes  apparatus  used.) 

B.  43  1952 

Brown,  F.N.M. 

An  /Us r icon  Method  of  Photographing  Flo *  Patterns. 

Second  Midwestern  Conference  on  Fluid  Mechanic*,  pp.  119  -  12#. 

Aircraft  Engineering  24  (1952)  June,  pp.  134  - 109. 

(Using  a  aaoke  tunnsl.) 

0.44  August  1953 

Iterslg,  11.  Z,,  tisnsen,  A, G,  and  Costello,  O.R. 

A  V‘t*ua;<  ration  Studs  of  Secondary  Flows  tn  Cascades. 

(MCA  Report  1163.  (Kmwrly  (MCA./T10/3UI  ((MCA  Ml  BS3F19)  and 
(MCA  TN  2947, ) 

(Methods  used  are  saoRe  traces  and  hydrogen  sulfide  gas  reacting  with 
lead  carbonate  in  glycerin.) 

0,4$  1933 

Haem.  D.C.  and  Finley,  II.  o. 

Operating  Characteristics  of  the  Princeton  Iku  were  tty  14  *  J  ft  Smoke 
Tbmet. 

Princeton  fair.  Dept,  of  Aero.  Eng.  Report  223. 

0. 46  February  1934 

Pascal*.  1*. 

II  Tunnel  a  Fumo  deli'  Institute >  dt  Cottruiicni  An  ronait  tithe  dell ' 
Oncers  tin  ill  Ro)*>  1 1 . 

t,*  A»ror«-ntea  3_4  (1954)  I  (February),  pp.  16  •  22. 

0.47  1954  ■* 

Know  I  tun,  M.P. 

Theoretical  Ifniejf igolio*.  t?e  the  lieteraiuatsan  of  Lift  ioef ficienti  i-n 
fwo*Di«m«i<wtul  .Wiii  Tunnels. 

Princeton  SJolv.  Dept,  of  Aero.  Kn*.  Ration  2A9. 
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B. 48  1954? 

Hazen,  D.C.  and  Lehnert,  R,  F. 

Smoke  Flow  Studies  Conducted  at  Princeton  University. 

Princeton  Univ,.  Dept.  Aero.  Eng.  Report  290.  ASTIA  AD  63022, 

(TIL  No.  P.830!?5). 

B. 49  1955 

Hazen,  D.C.  and  Lehnert,  R. P. 

Operating  Characteristics  of  the  Princeton  University  2  x  36  ft  Smoke 
Twine  l . 

Princeton  Univ.  Dept.  Aero.  Eng.  Report  299. 

8. 50  1955 

Hazen ,  D.  C. 

Some  Results  of  the  Princeton  University  Smoke  Flow  Visualization 
Program. 

Proceedings  of  the  IAS-R.Ae.S.  Fifth  International  Aeronautical 
Conference,  Los  Angeles,  1955,  pp.  316  -  352. 

IAS  Preprint  555. 

B. 51  June  1956 

Airflows  Studied  in  Miniature  Smoke- Jet  Wind  Tunnels. 

Aero.  Digest  June  1956,  pp.  35  -  39. 

B. 52  November  1956 

Maltby,  R.L.  and  Peckham,  D.H. 

Low  Speed  Flow  Studies  of  the  Vortex  Patterns  above  Inclined  Slender 
Bodies  Using  a  New  Smoke  Technique. 

Unpublished  MtlA  Report  ARC  19541. 

B.  53  March  1957 

Bull,  G.V.  and  Jeffery,  C.  B. 

Wake  Visualization  Studies  in  the  Aeroballistics  Range. 

Ballistics  Res.  Lab.,  U.S.A. ,  Report  1005  pt. 1,  pp. 127  -  148. 

(Plow  visualization  hy  the  interaction  of  hydrochloric  acid  and 
ammonia  hydroxide  vapours. )  ' 

B.  54  October  1957 

O’Neill,  P.O.Q. 

Generator  Constructed  in  Metal  for  Producing  Small  Quantities  of  Paraffin 
Smoke. 

NPIi  Aero  1340. 

B.  55  February  1958 

Lippi soh,  A.M, 

Flow  Visualization:  An  Amplification  of  the  Author's  Remarks  made  at  the 
Fifth  International  Aeronautical  Conference ,  with  Prints  taken  from  Films 
of  his  S’udies. 

Aeronautical  Engineering  Review  17  (1958)  2  (February!,  pp.24  -  32. 
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B.  56  March  1958 

Bergh,  H.  and  Berg,  B.  van  den 

On  the  Visualization  of  Laminar  Boundary  Layer  Oscillations  and  the 
Transition  to  Turbulent  Flow. 

Z.  Angew.  Math.  Phys,  9b  (1958)  5/6  (March  25th),  pp.  97  -  104. 

(Smoke  with  a  stroboscopic  light  source.) 

B.  57  May  1958 

Voir  le  sillage. 

Air  Revue  May  1958,  pp.272  -  273. 

(Evaluation  of  smoke  techniques. ) 

B. 58  November/December  1958 

LeManach,  J.  and  Robert,  E. 

Contribution  of  Visualisation  to  the  Study  of  Low  Velocity  Flow  in  Models 
of  Centrifugal  Compressors. 

MOA  TIL/T. 5088.  La  Recherche  Aeronautiquo  No.  67,  November  -  December,  1958, 
PP.  21  -  34. 

(Methods  of  visualization  include  Hootaflon  powder  floating  on  the  surface 
for  the  water  compressors  and  keroseno  smoke  trails  for  the  air  compressor.) 

B.  59  June  1959 

Cox,  A.  P. 

mouout emenls  of  the  Velocity  at  the  Vortex  Centre  on  an  A.P.l  Delta  Wing 
by  Means  of  Smoke  Observations. 

ARC  CP  511. 

E.IC  August  1553 

Muirhead,  J.C. 

On  the  Inertial  Lag  of  Tobacco  Smoke  Particles  and  the  Effect  of  Small 
Orifices  on  Shock  Tube  Flows. 

Suffield,  Canada,  Teoh.  Paper  187.  (TIL  No. P.84154). 

B,  61  November  1959 

Goddard,  V.P.,  MoLaughlin,  J.  A.  and  Brown,  K.N.M. 

Visual  Supersonic  Flow  Patterns  by  Means  of  Smoke  Lines. 

Journal  of  the  Aoro/Spaco  Sciences  26  (1959)  11  (November),  pp.  761  -  762, 

B,  62  August  I960 

Maltby,  R.L.  and  Keating,  R.P.  A. 

Flow  Visual (ration  in  Low  Speed  Kind  Tunnels;  Current  British  Practice. 
Unpublished  MOA  Report  ARC  22373. 

B,  63  1962 

Melthy,  R.L,,  Engler,  P, B.  and  Keuting,  R, P. A. 

Some  Measurements  of  l.eadtng  Edge  Vortex  Petitions  on  a  Delta  Wing 
Oscillating  in  Heave. 

Unpublished  MOA  Report. 

B.  64  May  1962 

Maltby,  R.L.  and  Whitmore,  G. 

Smoke  for  Flow  Visualization  *  A  Warning. 

Journal  R.  Ao.  Soc.  Vol.OH,  No, 617,  p,;t2P. 
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V. 8  METHODS  USING  TUFTS 

B, 65  1928 

Haslam,  J.A.  G. 

flool  Tufts:  A  Direct  Method  of  Discriminating  Between  Steady  and  Turbulent 
Airflow  over  the  Wing  Surfaces  of  Aircraft  in  Flight  Applied  to  Exph'e 
the  Region  of  Effect  of  the  Slot  on  a  Bristol  Fighter  fling. 

ARC  R  &  M  1209. 

B.66  1932 

Melvill  Jones,  B.  and  Haslam,  J.A. 0. 

Airflow  about  Stalled  and  Spinning  Aeroplanes  shown  by  Cinematographic 
Records  of  the  Movements  of  Wool-Tufts. 

ARC  RAM  1494. 

B.  67  October  1938 

Abbott,  I.H.  and  Sherman,  A. 

Flow  Observations  with  Tufts  and  Lampblack  of  the  Stalling  of  Four  Typical 
Airfoil  Sections  in  the  NAQA  Variable-Density  Tunne l . 

NACA  W  672. 

B.68  May  1952 

Pird,  J.D.  and  Riley,  O.R. 

So»te  Experiments  on  Visualisation  of  Flow  Fields  Behind  Low-Aspect-Ratio 
flings  by  Means  of  a  Tuf t  Grid. 

NACA  W  2674. 

B.69  July  1952 

Bird,  J.D. 

Visualixation  of  Flow  Fields  by  Use  of  a  Tuft  Grid  Technique . 

Journal  of  the  Aeronautical  Soienoes  19  (1952  )  7  (July),  pp,  481  -  485. 


V. 9  METHODS  USING  VAPOUR  SCREEN 
H.  70  1951 

Allen,  R.J.  and  Perkins,  E.V. 

A  Siurly  of  Effects  of  Viscosity  on  Flow  over  Slender  Inclined  Bodies  of 
Revolution, 

NACA  Report  1048. 

R.  71  August  1967 

Wall,  I.M.,  Rogers,  E.W.E.  and  Davis,  B.M. 

Experiments  with  Inclined  Blwit-Nosed  Bodies  at  M  -  2,45. 

ARC  R  &  M  8128  ARC  19,479. 

(Yapour-soroen  techniques  described  In  Appendix.) 

3.72  August  1980 

McGregor,  j, 

Develojmer.i  of  the  Vapour  Screen  Method  of  Flow  Visual  iiation  in  the  3  ft 
Tunnel  at  RAF,  Bedford. 

Jour.  Fluid  Mech.  Vol.  II,  '.981,  Pa't.  4,  Her. 
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V. 10  TRANSITION  MEASUREMENT 

B.  73  April  1940 

Richards,  B..J.  and  Brown,  T.W. 

Note  on  Methods  of  De  ter  mining  Transition  on  an  Aerofoil  in  a  Wind  Tunnel. 
ARC  R  &  M  205't,  ARC  4488. 

(Lycopodium  powder} 

Ft.  74  July  1944 

Gray,  W.  E. 

A  Chemical  Method  of  Indicating  Transition  in  the  Boundary  Layer. 

ARC  8034.  Unpublished  MOA  Report. 

(Starch  iodide  -  sodium  thiosulphate  -  chlorine  gas) 

B. 75  October  1944 

Gray,  W.  E,  and  Pringle,  U.  E. 

Note  on  Observations  of  the  Boundary  Layer  on  a  Fighter  with  Low  Drag 
Itings .  (King  Cobra.) 

ARC  8153.  Unpublished  MOA  Report. 

0. 76  March  1945 

Preston,  J.H.  and  Sweeting,  N.E. 

Experiments  on  the  Measurement  of  Trar.eition  Position  by  Chemical  Methods. 
ARC  R  &  M  2014,  ARC  8536. 

B.  77  June  1945 

Pringle,  9.B.  and  Main-Smith,  J.D. 

Boundary  Layer  Transition  Indicated  by  Sublimation. 

ARC  8892.  Unpublished  MOA  Report. 

B, 78  August  1945 

Richards,  E.J.  and  Burstall,  F,H. 

The  China  Clay  Method  of  Indicating  Transition. 

ARC  R  &  M.  2136,  ARC  8867. 

B.  79  July  1945 

Holder,  D.W. 

Transition  Indication  in  the  National  Physical  laboratory  '10  x  8  in. 

High  Speed  Tunnel. 

ARC  R  St  M  2079,  ARC  8866. 

B.  80  August  1946 

Gray,  W.E. 

A  Simple  Visual  Method  of  Recording  Boundary  Layer  Transition  ( liquid 
film). 

ARC  10028.  Unpublished  MOA  Report. 


177 


8.81  December  1946 

Merewether,  E.R.  A. ,  Smith,  J.H.P. ,  Pankhurst,  R.C.  and  Burstall,  F.H. 

A  Note  on  the  Toxic  Effects  of  Some  Chemicals  Previously  Recommended  for 
use  in  Wind  Tunnel  Technique  and  on  Vanour  and  Gas  Explosion  Risks  in 
Wind  Tunnels . 

ARC  R  &  M  2198. 

(Lead  compounds,  nitrobenzene,  nitrotoluene,  chloronaphthanes  and  glycols 
Should  all  be  avoided.) 

B.  82  1947 

Pankhurst^  R.C. 

Cautionary  Note  Regarding  Some  Chemicals  for  Transition  Indication. 

Royal  Aeronautical  Society  .Journal  51  (1947),  pp. 651  -  632. 

B. 83  1947 

Relf.  E.F. 

Nitiobviuene  Dangers  (letter  , to  the  Editor). 

Royal  Aeronaut? oal  Society  Journal  51  (1947^  pp. 69. 

B.  64  January  1947 

dray,  W.E. 

Interim  Note  on  Boundary  Layer  Transition  Tests  in  flight  by  the  Chemical 
'Method. 

ARC  10233.  Unpublished  MOA  Report. 

8.85  April  1949 

Dando,  R.C. A. 

Two  Methods  of  Boundary  I  nyer  Trimii  t  inn  Indication  Suitable  for  Routine 
Tests  in  Flight. 

ARC  12531.  Unpublished  MOA  Report. 

B.  86  March  1950 

Qazely,  C. 

The  Use  of  the  China  Clay  Lacquer  Technique  for  Detecting  Boundary  Layer 
Transition. 

General  Eloctrio  Co.,  U.S.A. ,  Report  No.  R49A0536. 

B,  87  March  1950 

Gray,  W.E. 

Transition  in  Flight  on  a  Laminar-Flow  Wing  of  Low  It'aviness  (King  Cobra). 
Unpublished  MOA  Report  ARC  13221. 

(Improvement  in  flight  technique  in  connection  with  the  ohomical  methods 
of  indicating  transition.) 

B.  88  May  1950 

Main-Smith,  J.D. 

Chemical  Solids  as  Diffusible  Coating  Films  for  Visual  Int/ication  of 
Boundary  Layer  Transitim  in  Air  a ml  Water. 

ARC  R  &  M  3755. 
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B.  89  1951 

Wijker,  H. 

Survey  of  Transition  Point  Measurements  at  the  N.L.L.  Mainly  for  Two 
Dimensional  Flow  over  a  NA/CA  0018  Profile. 

National  Luchtvaartlaboratoriun,  Ansterdam,  Ranort  A. 1269. 

(Methods  used  are  China  day.  H;S  and  smoke, ) 

B.90  February  1951 

Stalder,  J.R.  and  Slack.  E.G. 

The  Use  of  a  Luminescent  Lacquer  for  the  Visual  Indication  of 
Boundary -Layer  Transition. 

NACA  TO  2263. 

B.91  August  1951 

Owen,  P.R.  and  Oraerod,  A.O. 

Evaporation  from  the  Surface  of  a  Body  in  an  Airstream  (with  particular 
reference  to  the  chemical  method  of  indicating  boundary  layer  transition). 
ARC  R  &  M  2875. 

B.  92  Novenber  1951 

Murphy,  J.s.  and  Phinney,  R.E. 

Visualisation  of  Boundary  Layer  Flow. 

Journal  of  the  Aeronautical  Science#  18  (1951)  11  (Novraibf.r),  pp.  771  -  772. 

( ‘China  fils*  technique,  a  hybrid  of  the  *Chiha  clay*  and  -'liquid  fila* 
techniques. ) 

B. 93  January  1952 

Britland,  C.M.  and  Sibbald.  P.A. 

Preliminary  Flight  Tests  to  Determine  the  Position  of  Boundary  Layer 
Transition  on  a  Large  Aircraft.  (Armstrong  mbit worth  E9/44, ) 

Unpublished  MOA  Report  ARC  15142. 

B.94  September  1954 

Vinter,  K.G.,  Soott-Wilson.  J.B.  and  Davies,  p.v. 

Methods  of  Determination  and  of  Fixing  Boundary  Layer  Transition  on  Kind 
Tunnel  Models  at  Supersonic  Speeds. 

ARC  CP  212 
AOARD  AO  17/P7. 

(Subllutlon  and  oil  flow) 

B.  95  I/oconbor  1059 

Murphy,  J.8.  and  frith,  A.M.O. 

Measurements  of  Shearing  Stress  by  Means  of  an  Evaporating  Liquid  Film. 
Douglas  Alroraft  Co.,  U.S.A. ,  Report  No.  ES.  17813. 

B.  96  July  1955 

Atkins,  P.B.  and  Tray  ford,  R.S. 

A  Method  of  Boundary  Layer  Flow  Visualisation  for  Use  in  Flight. 

A.R.L. ,  Australia,  Flight  Note  22. 

(China  clay  aethod) 
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B.97  October  1955 

Stalker,  R.J, 

A  Study  of  the  China-film  Technique  for  Flow  Indication. 

A.R.L.,  Australia,  Report  A96  (m  No.  1.56984). 

B.  98  April  195G 

Friedman,  A.S. 

Chemiluminescence  as  a  Tool  in  the  Study  of  Liquid  Flow  Boundaries. 
Journal  of  Applied  Physios  27  (1956)  No. 4,  (April),  p.417. 

B. 99  August  1956 

Stalker,  R.J. 

A  Note  on  the  China-film  Technique  for  Boundary  Layer  Indication. 

Royal  Aeronautical  Society  Journal  60  (1956)  548  (August),  pp.S43  -  544. 

B. 100  October  1957 

Rygb,  P.J.  and  Martin,  R.E. 

The  Use  of  Azobenzenr  to  Provide  a  l'uusi  Indication  of  Supersonic- 
Boundary-Layer  Transition. 

California  Institute  of  Technology  Jet  Prop.  Lab.  Prog.  Report  20*335, 
Asm  AO  159, 889. 

B. 101  January  1958 

Comillon,  J. 

Extension  de  la  Technique  de  I'Argile  de  Chine  4  I'Etude  des  Bcoulementt 
et  dee  Echtmffements  de  Maquettes  eft  Bigime  Supersonique. 

Dooatro  January  1958,  pp. 15  - 18. 

(Eitension  of  the  ohlna-olay  technique) 

8.102  November  1958 

Van  der  BUck,  J.A. 

Boundary  Layer  Transition  on  a  10-degree  Cone  in  the  NAE  30  *  16  in. 

Wind  Tunnel, 

NAE,  Canada,.  LR*232. 

(Fluorescent  lacquer  technique,  French  chalk  and  kerosene  and  lampblack 
and  kerosene  methods  of  visualisation  described) 
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Obtainable  through  Belgium 


Netherlands  Delegation  to  AOARD 
Mlchlel  de  Ruytwrweg  10 
Delii 


NORWAY  Mr.  0.  Blichner  ' 

NORVEOE  Norwegian  Defence  Research  Establishment 

Kjeller  per  Lillestrda 

PORTUGAL  Col.  J.A.  de  Almeida  Viama 

(Delegado  Nacional  do  ‘AGARD* ) 

Direcjao  do  Servijo  de  Material  da  F.A. 

Rua  da  Escola  Politecnica,  42 
Lisboa 

TURKEY  Ministry  of  National  Defence 

TUR3UIE  Ankara 

Attn.  AGARD  National  Delegate 

Ministry  of  Aviation 
T.I.L.,  Room  009A 
First  Avenue  House 
High  Hoi born 
London  W.C.  1 

UNITED  STATES  National  Aeronautioa  and  apace  Administration 

ETATS  UNIS  (NASA) 

1520  H  Street.  N.W. 

Washington  25.  D.C. 


UNITED  KINGDOM 
ROYAUME  UNI 
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